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Abstract

The aim of the study was to measure the activity concentrations of naturally occurring
radioactive materials (NORM) and these are: ??°Ra, 2°Pb , 238U, 232Th and “°K and levels of
toxic heavy metals in particulate matter (PM) and soil associated with mining activities in the
two towns of Karibib and Arandis in Erongo region, Namibia. Furthermore, the radionuclides
concentrations and toxic heavy metals were evaluated for their impact on human health and
the environment. In both locations, some PM samples were collected with soil samples.
Radioactivity measurements were performed with y-ray spectrometer coupled with a high
purity germanium detector (HPGe) while toxic heavy metal concentrations were determined
by inductively coupled plasma mass spectrometry (ICP/ Ms). The activity concentrations from
this study revealed higher levels of radionuclides associated with 238U series and these were
unevenly distributed among the sites. The most dominant concentration was found in %?°Ra,
which ranged from 19.76 + 0.47 to 135.29 + 12.82 Bg.kg™. The activity concentrations in the
samples were within the acceptable figures given by worldwide ranges of 11 to 64 for 238U,
17 to 60 for 232Th and 140 to 850 Bq kg for “°K (UNSCEAR, 2000). It is also interesting to
note that the activity concentrations in PM was higher than the corresponding soil samples
because the radioactivity concentrations increase as the average grain size decreases.

The radiological parameters associated with the measured radionuclides were:
absorbed dose (D), annual effective dose equivalent (AEDE), radium equivalent activity

concentrations (Raq), external hazard index (Hey) and internal hazard index (H;,) and excess

lifetime cancer risk (ELCR) and the results showed that the mean radiological parameters in

most samples were within the permissible limits with Ra.q < 370 Bqg.kg?, which corresponds

to an upper safe limit of AEDE of 1 mSv.yr?, the prescribed acceptable limit by International
Commission on Radiological Protection (ICRP) and thus, the potential radiological health
effects may not be significant. However, some sites have hazard index closer to a unit which
may imply that prolonged exposure to NORM in soil and PM in those mining areas may pose
a health hazard to members of the public. Furthermore, the ELCR was found to be greater
than 0.29 x 103, the safe limit recommended by ICRP in all the samples, which may be a
health risk to individuals as the chances of developing cancer due to radionuclides could be
high.

The average indoor radon concentrations from the two mining towns was found to be

88 Bg.m3, which corresponds to an annual effective dose of 2.22 mSvy1. The mean values



due to exposure to radon and its decay daughter is two times higher than the worldwide
average annual effective dose of 1.26 mSv (UNSCEAR, 2000).

The toxic heavy metals concentrations measured in this study were Fe, Mn, Cr, Zn,
Cu, Ni, Pb, As, and Cd. The results for the average toxic metals concentrations were
compared with the FAO/WHO soil guidelines and other countries to determine whether they
were within the allowable limits. The results showed that most of the measured values were
found to be within the permissible limits. Pollution contamination indicators were applied to
guantify the level of contamination and it was found that contamination factors for most of the
samples in the towns of Arandis and Karibib show a low level of contamination while the
pollution load index (PLI) and the Geoaccumulation Index (lgeo) illustrate that the soils are
not polluted. Similarly, the elemental composition was determined by a scanning electron
microscope attached to an energy dispersion X-ray (SEM/EDX) and the major particles
identified in the samples were: biogenic particles, soot, aggregates, aluminosilicates, mineral
particles, quartz particles, clay particles, and non-biogenic C rich patrticles.

The non-carcinogenic risk of heavy metals of the soil samples in the two towns of
Karibib and Arandis was assessed and the total HQ in Arandis town was 1.52x10! and
7.04x101 for adults and children respectively, while in Karibib town, it was 8.83x10? for adults
and 3.86x10 for children. These values were less than 1 and therefore, not significant. The
computed total carcinogenic risk due exposure to heavy metals in Arandis town was also
found to be 1.40 x 107 for adults, and 1.30 x 1072 for children. In Karibib town, the cancer
risk value for adults was found to be 4.25 x 10 and in children it was 3.97 x 103. Since these
values were higher than the worldwide average Excess Lifetime Cancer Risk due to exposure
to radionuclides from terrestial origin (0.29 x 10-3) (Taskin et al, 2009) and thus there higher
chances of increase in cancer among the inhabitants of these mining towns due to heavy

metal exposure.
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CHAPTER 1 : INTRODUCTION AND PROBLEM STATEMENT

1.1 Introduction

Environmental radionuclides can be divided into three groups: radionuclides of
primordial origin, radionuclides generated by cosmic-ray interaction in the atmosphere and
radionuclides generated by human activities. These are inherently present in small but
measurable quantities in rocks, soil, water and the atmosphere that constitute the earth’s
surface (Tzortzis & Tsertos, 2004). Human beings are exposed to radiation through various
pathways such as ingestion of radionuclides present in the food, soil and water, and
sometimes through the inhalation of radon gas and its progeny and/or radioactive particulate
matter (PM), which may contain solid short lived alpha-emitters or long lived radionuclides.
Indirect contamination by radionuclides can occur through an extremely complicated path,
passing right down to the food chain. For this reason, it is necessary to examine the potential
contamination of the atmosphere by naturally occurring radioactive materials (NORM). With
this information in mind then it will become easy to assess the harmful effects on organs of
the human body.

Extensive work has been done in many countries to quantify radioactivity and toxic
heavy metals in environmental samples including soil, water and food. In Namibia, there is
very little research on environmental radioactivity. Some few research studies done are
only concentrating on few geographical locations. For example, a handful of researchers
have evaluated the soils of Erongo region for radioactivity (Oyedele et al., 2006; Zivuku et
al., 2016) while Onjefu et al., 2017 have examined the soils of Henties Bay and Swakopmund
for toxic heavy metals and radionuclides concentrations. However, to all these studies, there
was very little attention being given in measurement of radionuclides and toxic heavy metals
in particulate matter associated with mining activities. Thus, this study was undertaken with
the aim of investigating radionuclides concentrations and toxic heavy metal levels in PM
and evaluate the health risk due exposure to these pollutants to the inhabitant’s of uranium

and gold mining towns of Erongo region of Namibia.

1.2 Overview on radon as a carcinogen in modern societies

Research conducted by many groups such as the Centre for Disease Control, the
American Lung Association, the American Medical Association and the Public Health
Association has confirmed radon to be a known human carcinogen that can cause some

1



negative human health effects. Consequently, the risks from indoor radon exposure have
been a major concern for the general population (EPA, 1992). Furthermore, epidemiological
studies conducted in many countries have shown strong and compelling evidence of close
association between indoor radon concentration and lung cancer (WHO, 2014). The
exposure to indoor toxicity comes from the isotopes of 22°Rn and %?°Rn and these have short
lived-lived decay products, these are formed as ions and they have an affinity for water
molecules or air where they form aerosols. These radon progenies which are solids, short-
lived alpha energy emitters are inhaled into the lungs where they settle on the delicate
alveolar linings and emit radiation which cause multiple radiation damage to the DNA .

Assessment of radiation dose due to radon exposure is achieved by considering the
amount of alpha energy released when radon and its short-lived alpha emitter undergoes
transformations. These are the potential alpha (PAE) which relates to the total alpha energy
emitted during the decay of 22Rn and its daughters to ?1°Pb or the decay of 2°Rn and its
daughters to 2°8Pb. The potential alpha concentration (PAEC) which is PAE per unit volume
i.e. linked to the mixture of 222Rn and 22°Rn progeny in the air.

Indoor radon concentration can be affected by several factors such the concentration
of uranium in the soil, building material (BM), the outdoor air, water supply to a building and
natural gas. Radon in the soil and the BM permeates the buildings through diffusion and
advection air flow currents. Similarly, a building water supply may contain a considerable
amount of radon which contributes to the total radon exposure while the radon gas from
natural gas is generally neglible. Additionally, the concentration of indoor radon can vary due

to air exchange between the indoor and outdoor air.

1.3 Problem statement and motivation

The worldwide increase in population and the technological advancement have led to
massive exploitation of natural resources which in turn have left a permanent footprint to the
environment. Activities such as mineral mining and exploration involve removal or clearance
of vegetation, drilling and excavation of land which lead to significant pollution of the
atmosphere by emission of particulate matter (PM) containing dust, smoke, fumes and
aerosols, gases (sulfur dioxide, nitrogen dioxides, and hydrocarbons), radioactive materials
(Rana et al., 2016; Bhaskar & Mehta, 2010). Airborne particulate matter that contains
radionuclides and heavy metals are considered as a public health concern as it can enter

the human respiratory system (Csavina et al., 2012). These studies were further supported
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with epidemiological studies conducted in many countries which have established a close
link between PM and the occurrence of respiratory and cardiovascular diseases (O’'Toole et
al.,2008). Radioactive substances may increase human exposure to radiation through
inhalation, ingestion and skin contact leading to the development of cancer.

Studies on radionuclides levels and heavy metals concentrations have been
performed in different countries to determine the dose to members of the public and the
workers and in order to establish the degree of contaminations and hence chemical toxicity
due to heavy metals (Watson et al, 2005; Tzortis and Tsertos, 2004). These studies were
concentrating on matrix such as soil, water and to a lesser extent on food with little attention
being given to characterisation of particulate matter (PM) in terms of its radiological and
chemical toxicity. The main pathway by which human beings are exposed to radionuclides
(and heavy metals to a lesser extend) is through inhalation of radon gas and its progeny. It
is estimated that more than 50% of the total dose received by the world’s population is
associated with inhalation of radioactive particles in the form of particulate matter (Charles,
2001). The deposition of aerosols in the human respiratory system depends on aerosol size
and its distribution. Large particles (PM10) do not travel deeper into the respiratory track
because they are trapped by cilia and mucus upon entering the respiratory system whereas
fine particles (PM2.s) are able to reach the pulmonary alveoli (Ny & Lee, 2011).

Background levels of radionuclides in PM can be elevated due to industrial process
involving naturally occurring radioactive materials (NORM) work activities such as mining of
uranium and gold. The Erongo region of Namibia is host to Rdssing uranium mine and
Novachab gold mine and these mines generate large amounts of PM which could disperse
into the atmosphere. The PM may contain toxic metals and naturally occurring radioactive
materials (NORM) which may pose a radiation hazard to the workers and the population
residing nearby these mining sites. The town of Arandis is situated 16 km from R&ssing
uranium mine and Karibib town is 10 km from Novachab Gold in the Erongo region. Since
most mining activities are concentrated in the Erongo region, this study was undertaken to
investigate the radionuclides and toxic metals levels in particulate matter (PM) as the people
residing nearby these mines are susceptible to adverse health effects emanating from the

mining activities.



The major industrial activity in Erongo region of Namibia is mining and it has been
demonstrated that mining is the greatest contributor to environmental pollution due to the
emission of vast amounts of wastes containing particulate matter, toxic heavy metals and
polycyclic hydrocarbons (Wahl et al, 2007; Kamunda et al, 2016). Although the Erongo region
of Namibia has shown as an area with high background radiation, research on radioactivity
has not been growing at a fast pace and hence data related to environmental radioactivity is
limited. Even if the data is available, it is usually concentrated to few geographical areas and
/or is mainly on soil radioactivity. Data on radioactivity and heavy metals pollution in PM
associated with mining activity has been neglected and as a result the general population are
not aware or have very little knowledge of the potential health hazards of these pollutants to
their communities. It is important to investigate environmental radioactivity and heavy metals
in Erongo region so as to provide base line values. The information can assist Namibia
Radiation Protection Authority (NRPA) in formulating dose limits to which the general
population and workers can receive radiation dose and thus protecting human health and the

environment.

1.7 Research aim and objectives

1.7.1 Aim
The aim of the study was to investigate radionuclides levels and heavy metals
concentrations in particulate matter (PM) associated with uranium and gold mining in the

Erongo region of Namibia.

1.7.2 Objectives

The objectives of the study were to:

e evaluate the activity concentrations in PM and soil associated with mining activities,

e determine the indoor radon concentrations in selected households nearby the mining
sites,

e assess the radiological health risk due to NORM in soill,

¢ investigate the concentrations of heavy metals in soil associated with mining activities,

e conduct morphological analysis of particulate matter (PM) associated with mining
activities and,

e evaluate toxicological risk due to toxic heavy metal associated with mining activities.



CHAPTER 2 : LITERATURE REVIEW

2.1 Mining in the Erongo region of Namibia
Mining is the biggest contributor to Namibia’ economy in terms of revenue and it
accounts for 25% of Namibia ‘s income with a contribution of 11.6 % in 2014 which makes it

one of the largest economic sectors (https://www.npc.gov.na). There are many minerals

being mined throughout Namibia and these include diamond, gold, cobalt, felspar,
manganese, fluorspar and uranium. However, in Erongo region, the major resources mined
is uranium followed by gold. As a result of the mining activities, several towns have been
established to cater for the work force who work in these mines. The notable mines and their
associated resources mined are Langer Heinrich Mine near Swakopmund town for Uranium
mining, Husab mine near Arandis town for uranium mining, Réssing uranium Mine near

Arandis for uranium mines and Navachab gold mine near Karibib town.

® Town @ Uranum Mine

Trunk Road Main Road — Hiver - it

Figure 2.1 Map showing the sampled areas (https://www.rosing.com)

Furthermore, mineral processing involves addition of chemicals containing a multitude
of heavy metals which end up as wastes and these are discharged into the environment

where they may be in cooperated into soil or underground water systems. These pollutants
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may be taken up by plants and join the food chain where they will eventually get ingested by
human beings and cause negative health effects such cancers but may also induce non-
cancer illness such as eye lens distraction, diabetes and radiogenic illness (Busby, 2010).

Mining operations also discharge large quantities of particulate matter (PM) which are
generated during clearance of large, excavations, blasting and movement of vehicles and
heavy machinery which can pollute the atmosphere. These pollutants may undergo
physicochemical transformation as they are transported to remote places where they affect
the nearby communities. The PM may contain toxic heavy metals and radioactive materials
which have the potential to cause serious health effects to the people and the environment.
The current study gives an overview of mining in the Erongo region of Namibia with specific
focus on the two mining towns understudy: Karibib town and Arandis mine town in which gold
and uranium are mined, respectively.

The Erongo region is geographically located at -23° 06760.00”S and 14° 51’59.99” E
and with about 150,400 inhabitants and a low population density 2.4 km

(http://www.gov.na/documents). Figure 2.1 shows a map of the Erongo region. The greater

part of Erongo region is found in the Namib desert which characterised by low rainfall of less
than 10 mm per year, high daily temperatures that can reach 60°C and night temperatures
below 0°C.

2.2 Environmental pollution due to mining activities

Although it is well known that toxic heavy metals and radionuclides are inherently present
in the biosphere in minute quantities, their concentration may be increased to levels that are
detrimental to human health and the environment (Thakur et al., 2004). The atmospheric
pollution or surface contamination due to heavy metals and radionuclides in urban
environments is largely due to anthropogenic activities resulting from rapid pace of
industrialisation, motorization and urbanisation (Tong and Lam, 1998). Mining activities have
been the main sources of toxic heavy metals and radionuclides in the environment (Duruibi
et al., 2007; Boampsonsem et al., 2010) and exposure to these pollutants pose the greatest
threat to human health and the environment (Csavina et al., 2012). Excessive emissions of
PM containing heavy metals, often in the form of insoluble particulates (Duzgoren-Aydin et
al., 2006), contaminate the environment, as they become airborne where they can be carried
to remote places and affect nearby communities. The heavy metals from the mining

environment may become soaked in water bodies and carried to remote areas where they
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can be deposited in soil and plant materials. These heavy metals are potentially hazardous
to human health due to their persistence, toxicity and can be incorporated into food chains
(Santos et al., 2005).

Sources:
Mine tailings
Return water dams
Settling ponds
Processing plants
Rock dumps
Storm water canals
Evaporation dams

X X X X X X X

Leaching
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Figure 2.2 Human exposure pathways to heavy metals and radionuclides (Kamunda et
al., 2016)

The major pathway by which radionuclides and heavy metals can enter the
environment from a mining site is through airborne pathway. The other contribution is through
external irradiation after authorised entry into the mine site, and by living in settlements

adjacent to mines or abandoned mines (Sutton & Weiersbye, 2008).
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2.3 Particulate matter (PM)

Particulate matter (PM) represents a complex mixture of organic and inorganic
particles that are dispersed into air and these particles are heterogeneous in their physical
characteristics, chemical composition, and origin and have toxic effects on human health.
The inorganic components of particulate matter are mainly derived from both natural and
anthropogenic sources (Shandilya et al., 2009). Depending on the aerodynamic diameter,
PM can remain suspended for a long time enough to penetrate the pulmonary system
(Li et al., 2013; Polichetti et al., 2009). The differences in physical and chemical
characteristics of PM are largely due variability of emission sources, formation and the
chemical transformations that these particles undergo during their lifetime. It is estimated that
PM originating from agricultural and industrial practices contributes to about 30 to 50 % of
the total dust burden of the atmosphere (Prospero et al., 2002).

Although PMio and PMzs are inhalable particles, PMz2s has demonstrated the
greatest impact on human health due to its small size which allows it to easily travel deep
into the alveolar lining of the respiratory system where it can illicit some anti-inflammatory
response leading to the development of cancer, morbidity and cardiopulmonary mortality
(Rashki, 2012). Radionuclides and toxic/heavy metals contained in PM travel from their
source through various environmental exposure pathways to final receptor: the human body

as illustrated in Figure 2.2.

2.4 Radioactivity and radiation

According to Choppin et al., (2002), radioactivity is defined as a statistical process by
which an unstable atomic nucleus transforms to a more stable configuration. This process
results in the element emitting particles (alpha, beta) or waves (gamma or X-rays) or any type
of radiation. These emissions are collectively called ionising radiations because they can
disrupt electrons from the outer shells of the atoms.

The disintegration rate is directly related to the number of radioactive nuclei of a type,
N, at any given time, t. The probability of decay per unit time interval is called decay constant
(N). It is related to the time required for the decay of one half of the original number of its
original nuclei present (T12). The activity (A) is the number of decays per unit time interval

and this can be expressed by the first order differential equation in 2.1 (Turner, 2007)

A= -2\ (2.1)



where, A is the decay rate (activity) expressed in Becquerel (Bq) named after the French
Physicist who discovered radioactivity Henry Becquerel (1852-1908). One Becquerel is
equivalent to one transformation per second (1 Bq = 1 disintegration per second). For liquids
and gases, the activity concentration is related to volume Bg/l, Bg/m3. The activity
concentration of each radionuclide is calculated using equation 2.2 (UNSCEAR, 2000)

A= — (2.2)
where, A is the specific activity of the radionuclide,
C is the number of counts,
| is the intensity (emission probability) of the peak energy,
€ is the counting efficiency of the peak at the specific energy,
m is the mass of the sample in kg,

and t is the time of the measurement in s.

Radiation damage depends on the absorption of energy from the radiation and is
approximately proportional to the mean concentration of absorbed energy in irradiated tissue.
For this reason, the basic unit of radiation dose is expressed in terms of absorbed energy per

unit mass of tissue, that is,

Radiation absorbed dose (D) = L (2.3)

Am

where, AE is the absorbed energy and Am is the mass of the tissue (Cember, 2009). The unit
for radiation absorbed in the Sl system is called Gray (Gy) and is defined as follows:

one Gray is an absorbed dose of one joule per kilogram. However, the unit does not account
for different radiations (Idaho State University, 2014). The biological effect of radiation
depends not only on the energy deposited by radiation in an organism but also on the type
of radiations, the tissue weighting factors and the sum of all radiation received by different
tissues and the way in which energy is deposited along the path length and therefore another
term that takes this action into account was introduced-the linear energy transfer (LET). LET

describes the mean energy deposited per unit path length in the absorbing material. The unit
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of LET is keV/um and differs with the type radiation. For the same absorbed dose, the LET
follows the following order alpha > neutrons >beta > gamma rays.

2.4.1 Sources of radiation

NORMs are inherently present in all environmental settings and they are the main
ionising radiation to which human beings are exposed (Lilley, 2001). There are two main
sources of radiation: natural sources which is composed of cosmic radiation formed as a
result of the interactions of particles with heavy nuclei in the atmosphere and anthropogenic
sources which are as a result of man’s activities and these include medical applications,
mining activities and to some extent agriculture activities. In a natural phenomenon, the
radioactivity is in continuum with its environment, however, due to the action of human
activities which disturb this environment by mining activities or addition of some
radionuclides, this may lead to an increase in the background radiation to which man is
exposed. The radionuclides may transported in various pathways through the air, water and
soil until the reach the human being which is the ultimate sink where they can induce cancer
and various ailments (Avwiri et al., 2007).

Cosmogenic origin

Cosmic radiation reaches the earth from interstellar space and the sun. Those cosmic
radiations from the interstellar are referred to as galactic particles while those from the sun is
called the solar particles (Martin et al., 2012). Cosmic radiation is composed of a wide variety
of penetrating radiations which undergo many types of reactions with the element they
encounter in the atmosphere. The primary highly energetic particles which impinges on the
earth atmosphere are composed of 87% protons, 11 % alpha particles and 1 % heavy ions
(Silberg & Tsao, 1990). Cosmic radiation is characterised by having extremely high energy
and therefore highly penetrating with many of these patrticles falling in the range of 10 MeV
to 100 GeV (Martin and Harbison, 2006).

The interaction of primary cosmic radiation with the atomic nuclei in atmosphere
generates a cascade of secondary cosmic radiation such as electrons, gamma rays, neutrons
and mesons. A considerable number of these cosmic radionuclides with half-life of few
minutes to several millions years are produced, and these are ubiquitous. It is well
documented that only four of these radionuclides contribute significantly to measurable dose
of radioactivity in humans (Eisenbud & Gesell, 1997; UNSCEAR, 2000) and these
radionuclides, their half-lives and inventory and distribution, are summarised in Table 2.1.
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Table 2.1 Examples of cosmogenic radionuclides on earth (Martin et al., 2006)

Radionuclide | T %2 (years) | Global Inventory Inventory in the Biosphere
(Bq) Distribution Activity (Bq)
(%)
°H 12.3 1300 35 350
Be 0.146 37 8 3
4C 5730 8500 4 340
22Na 2.6 0.4 21 0.08

Terrestial origin

Terrestial radiation is external radiation from radionuclides that occur naturally in the earth’s
surface and on other materials on the earth. These radionuclides are characterised by long
half-lives which are comparable to the age of the earth. Some of these primordial
radionuclides have long transition series, while others are singly occurring radionuclides.
These radionuclides and their half-lives include 238U (T %2 = 4.5 x 10°years), 2°U (T %2 = 7.04
x 108 years), 2%2Th (T % = 1.4 x 10'° years), 22’Np (T %2 = 2.14 x 10° years) and “°K (T ¥ =
1.28 x 10° years). The primordial radionuclides undergo transitions at a very slow rate to yield
several radioactive products (progeny) in their respective transition cascades until a stable
product is formed. Of these radionuclides, only three are of radiological concern and these
are 238U, 2%2Th and “°K because they have a significant contribution to the dose received by
human beings 23U contributes less than 1 % to the external gamma exposure to human and
23’Np is not present in nature anymore and thus two radionuclides are not considered in
radiation protection measurements. It is worth mentioning that a radioisotope of the

radioactive gas radon (Rn) is a member of every transition cascade.

Anthropogenic radionuclides

Mining operations such clearance of vegetation, excavation of soil, mineral extraction and
processing may lead to the discharge of radioactive elements in the environment often
making their concentrations higher than the normal background radiation. These
radionuclides can either reach the human being at the site of discharge known as onsite or
they can be dispersed away to remote places where they may join the food chain and they
are called offsite. The discharged radionuclides may reach human settlements nearby the
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mining sites where they may negatively affect the health of human being either directly
through ionising radiation or internal exposure through inhalation of radioactive particulate
matter (O’Brien and Cooper, 1998).

2.4.2 Forms of radioactive decay

Radioactive decay occurs by chance which leads to nuclear transformation with
consequence formation of a new stable element which is usually preluded by the release of
gamma energy in a quest to attain stability. More often than not, the daughter nuclide formed
is unstable, this leads to a radioactive decay chain process until a stable nuclide is reached
(Magill and Galy, 2004). The following subtopics discuss the main process by which

radioactive elements decays.

Alpha decay (a)

Alpha emission is characteristic of many naturally occurring heavy radionuclides
whose atomic number is greater than 82 but less than 92 (Lilley, 2009). Under those
conditions, the heavy nuclei carries a neutron-to-proton ratio that is too low and this results
in the emission of a highly energetic particle in the form of the helium nucleus (Cember and
Johnson, 2009). This macroscopic particle carries a charge of +2 and consists of two protons
and two neutrons. This process requires the conservation of elemental particles and the
parent nuclide ‘s atomic number and its mass number will decrease by two and four
respectively. The process can be demonstrated by the classical decay of 2'°Po as illustrated
in2.4.

2190 —» 23Pb + «a (2.4)

It can be deduced that the neutron to proton ratio of 21°Po is 1.5: 1 but following alpha patrticle
emission a stable daughter nucleus, 2°Pb is formed and the ratio is 1.51:1 (Cember and
Johnson, 2009). This can be explained in two folds: in heavy nuclei there is a general increase
in electrostatic repulsive force which overcome the cohesive nuclear force and as result the
nuclei disintegrate and secondly, the emitted heavy particle must have sufficient energy to
overcome the high potential barrier at the surface of the nucleus due to the presence of

positively charged nucleons as shown in Figure 2.3 (Cember and Johnson, 2009).
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Figure 2.3 Schematic diagram of tunnelling of alpha particles through coulombic
barrier (Gilmore and Hemingway, 2008)

By considering quantum physics and the idea of wave functions, it is easier to explain
the emission probability using the quantum mechanical tunnelling. As can be seen in Figure
2.3, the macroscopic alpha particle is trapped in a potential barrier and has to tunnel through
the barrier and emerge outside provided it has sufficient energy (Lilley, 2001). The shorter
the half-life of the greater the probability of tunnelling through the barrier. The probability of
tunnelling through the barrier increases with separation of energy of the particle (Krane,
1987).

Beta decay (B) and electron capture (EC)

Beta particles are derived from a nucleus having excess of neutrons which causes the atom
to be unstable. A neutron can be converted into a proton and emit highly energetic negatively
charged particle known as negatron. Alternatively, a proton is converted into a neutron,
positron and a neutrino and thus a nucleus can attain stability as shown in expression 2.5.

This process is known as positron emission and the result is positively charged electron.

Beta-plus decay pon+pT+v (2.5)

13



Following emission, the positron comes under the influence of coulombic forces of the
nucleus with consequence annihilation and two photons are emitted. An example of this
decay is found in equation 2.6

22pa = 22ne + B+ v (2.6)

Another form of beta decay is beta minus (87~) in which a nucleus emits a negative electron
from un unstable radioactive nucleus, and this is common with nuclides with excess neutrons.

An example of negatron decay is shown in equation 2.7.

14c - 14y + B~ + v 2.7)

Immediately after the emission of the beta particle, the daughter is positively charged having
the same number of electrons as the parent atom and this positive charge is easily lost
through capturing by the daughter of an electron within its vicinity.

The third type of beta decay is Electron Capture (EC) and this is analogous to (8*), in fact
the charge of the nucleus decreases. The process results in the ejection of neutrino and the

emission of an X-ray when the electron is not filled by the surrounding electrons.

Gamma emission (y)

This is not a form of decay like the alpha or beta in that there is no change in the
number of nucleons in the nucleus; there is no change in Z, N or A. Gamma-rays are mono
electromagnetic radiations that are emitted from the nucleus of an excited atom following a
radioactive transformations (Gilmore and Hemingway, 2008) and they provide a means for
the nuclei to attain stability. Following alpha or beta decay, an excited nucleus may lose
energy in a transition to a state lower in energy in the same nucleus. When this happens,
the transition energy AE, is defined by the difference in energy between the first and last and
may appear as y-ray photon (Lilley, 2001; Friedlander, 1981) and the energy released from

gamma photons can be expressed by equation 2.8.
E;=Ef +E, +Eg (2.8)
where, Ei excited state of the nucleus and E;, is the final state of the nucleus and energy is

conserved and this equation can be rearranged as;
14



AE = E; — Ef = E, + Eg (2.9)

During this process, recoil energy Er , becomes infinitesimal and can be neglected (Debertina

et al., 1988) and thus, the gamma-ray energy E,,, is approximal equal to the energy of the de-

excitation AE, which is the energy difference between the two states. (Lilley, 2001).

Branching ratio

During measurements of naturally occurring radioactivity, there are several possible
decay schemes to describe the disintegration of nuclei. It has been shown that some nuclei
may decay through a single decay mode while others decay only through different competing
decay modes involving alpha and beta emission with different relative decay probabilities
(Krane, 1988).

The branching ratio is defined as the probability of a nuclear decay by more than one
mode. This occurs because there are a number of possible decay modes within a nucleus.
An example of this decay mode is illustrated by “°K which has a probability of 10.72% to
decay to “°Ar or it can decay by positron emission with a probability of 10.67% and electron
capture with probability of 0.048 % (Bou-Rabee, 1997). It can also decay to “°Ca by Beta
minus with a probability of 89.28 % as depicted in Figure 2.4.
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Figure 2.4 Branching decay scheme of “°K (Pradler and Yavin, 2013)

2.4.3 NORM

Naturally occurring radioactive material refers to material containing primordial
radionuclides and these include radiostopes of uranium, actinium, thorium decay series as
well as potassium-40. These radionuclides are of radiological concern in radiation protection
because of their potential to cause cancer to humans. It has been confirmed that there is a
close association between inhalation of short-lived radioactive progeny of radon gas and lung
cancer. Radon (Rn) is released from materials containing radium isotopes and accumulates
where ventilation in compromised. The measurement of indoor radon concentrations and the
activity concentrations of primordial radionuclides in materials are of interest for controlling

the exposure emanating from these radionuclides.

Sources of NORM

Most of the radionuclides in NORM arise from the decay products of uranium and
thorium. For example, the decay products of radium will give rise to a high concentration of
radon and its decay products which are detrimental in human health. It is well documented

that human activities and technological processes may increase the concentrations of
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radionuclides in NORM (Faanu et al, 2011). These industrial activities may concentrate the
radionuclides to a degree that can pose a risk to humans and the environment. Examples of
industries associated with the processing of NORM with elevated concentrations of
radioactive materials include mining and milling of metalliferous and non-metallic ores,
production of coal, oil, and gas, extraction and purification of water, generation of geothermal
energy and production of industrial minerals, including phosphate, clay and building
materials. Since radioactive materials are responsible for ionising radiation, members of the
public and workers may be exposed to these radionuclides and therefore it is important to

monitor the doses to the population due to NORM to assess the potential health risk.

Decay chain series
A radioactive parent nuclide can decay leading to the formation of a stable nuclide
(LAnnunziata, 2007). For example, the 14C nuclide decays to form a stable product of 4N as

indicated by the equation 2.9.

BC>UN+p I+ D (2.9)

Several isotopes exhibit this characteristic decay mode and some of them are 3H, 2P, 3¢Cl,
131 (LAnnunziata, 2007). However, the most common decay sequences result in the
formation of a nuclide that is unstable which undergoes further radioactive decay (Krane,
1988). This can be illustrated by a schematic decay chain which starts with a radioactive
parent nucleus P decaying with a constant 4, into a daughter nucleus D, which in turn is
radioactive and then subsequently decays with a decay constant A, into a stable grand-

daughter nucleus, G, as shown below (Krane, 1988).

Ap Ap

P D G (stable)

Considering that the number of nuclear specie present are P, D and G at a given time t, we
can derive some differential equations to express the decay and build-up of various nuclides
as follows (Prince,1979).

dN, = —24,N, (2.10)

Z2 = AN, — ApNp (2.11)
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dNg

= = — A,Np (2.12)

where, dN,, is the change in the quantity of radioactive parent nuclei and dNj, is the rate of
change in the number of daughter nuclei which equals the difference between build-up of
new daughter nuclei through the decay of the parent nuclei and the loss of the daughter nuclei
from the decay of itself to a stable product (Halliday, 1955).

It is common that the grand-daughter of a radioactive decay is still unstable and
continues with producing another radioactive product and thus, it is possible to have series
or chains of radioactive decays (Lilley, 2001). There are three main limiting conditions that
govern sequential radioactive decays and these are; (i) secular equilibrium (ii) transient

equilibrium and (i) no equilibrium (LAnnunziata, 2007).

Series radionuclides

Many of the naturally occurring radioactive elements are members of the four long
radioactive decay series, which are uranium, thorium, actinium and neptunium series (Lilley,
2001). These primordial radionuclides undergo transitions at a very slow rate to produce
radioactive products (progeny) in their respective cascades until a stable isotope. These

series are summarised in Table 2.2.

Table 2.2 Series radionuclides

Primordial Half-life (years) Number of Final product
radionuclide intermediates
238y 4.5 x10° 14 206pp
235 7.04 x108 12 207pp
232Th 1.4 x10%° 10 208pp
23'Np 2.14 x10° 12 209B;j
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Figure 2.5 Uranium, thorium and actinium decay series (Alharbi, 2016)
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The non- existence of the head of Neptunium series and the relatively short half-life
daughters means that this series is not of radiological concern in radiation protection
measurements (NCRP,1975). Uranium consist of two radioisotopes 222U and 23°U which have
an isotopic natural abundance of 99.3% and 0.7% respectively. 2*?Th is the most abundant
of all naturally occurring radioisotopes. The principal decay schemes of three radioactive
series are 238U, 23U and 2*°Th and the details of each radionuclide within the chain are

presented in Figure 2.5.

Non-series radionuclides

These are nuclides that are not members of any series and they have extremely long
half-lives and these are considered to be the same age as the earth (4.5 x 10° years). Most
of these nuclides have low specific activity which makes their detection and identification very
difficult except for 4°K and 8’Rb.
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Figure 2.6 Schematic of the 30K decay (Browne et al., 1986)

These two radionuclides are of interest in radiation protection because they are
ubiquitous in the environment and have a significant contribution to human exposure (Watson
et al., 2005). 4°K has a half-life of 1.28 x 10° years and contributes about 40% to natural
radiation received by humans. Itis available as natural potassium with an isotopic abundance
of 0.0117% and can transmutate to Ar by g~ 'decay accompanied with y-ray emission while
8’Rb undergoes beta decay only (NRP, 1975) as demonstrated in Figure 2.6 which shows
the decay of “°K to “°Ar (Browne et al., 1986).
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Radioactive equilibrium

Radioactive equilibrium is described as a steady state condition in which the radioactive
species and all its daughters have attained relative proportions that they disintegrate at the
same numerical rate and therefore maintain their proportion constant (Prince, 1979). For the
purpose of this study, the most useful state of equilibrium is what is termed secular equilibrium
in which the activities of the parent and the daughter are the same and can only occur in a
radioactive decay chain if the half -life of the daughter D is much shorter than that of the
parent radionuclide P, therefore, A, > Ap (Burcham, 1973; Cember & Johnson, 2009; Faires
& Boswell, 1981; Krane, 1988). A, can be estimated to zero. Mathematically, the radioactive
decay of the parent is given by equation 2.1 and that of the daughter nuclides follows equation
2.13 (Lilley, 2001; Lapp & Andrews, 1972).

Np () = Np(to) 2= (et — e720t) (2.13)
Np(t) = Np(to) 2 (1 - e72°) (2.14)
Np(t) = NP(to):_z (2.15)

By rearranging equation 2.13, the equation can be simplified to equation 2.14 (Krane 1988).
However, with time the term e =22t will become infinitesimally small and hence neglible and
the daughter nuclei will decay at a constant rate and equation 2.14 reduces to equation 2.15.
So it can be deduced that under those conditions, the activity of the daughter D is the same

activity as the parent P, this is illustrated by the equation 2.16.

)\_DND = )\pr (216)

The ingrowth of radionuclide D increases until it reaches an equilibrium and full
equilibrium usually takes several half-lives of radionuclide D to establish. This can be
illustrated in Figure 2.7 with an example of secular equilibrium between 238U with a very long
half-life (half-life 4.9 billion years) and its progenies (?**U, 2°°Th and all its descendants with
short half-life) .
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Figure 2.7 Secular equilibrium of 238U and its progeny (Dlamini, 2015)

The understanding of secular equilibrium is important in terms of dose assesses due
to naturally occurring radioactive materials (Lombardo and Mucha, 2008) and this is
applicable when the radionuclide of interest cannot be directly determined by the detection
method or to circumvent challenges in the measurements. In gamma spectrometry, for
example, the activity concentration of 2?°Ra is commonly determined through gamma rays
emitted from its progenies, ?*Pb and 2Bi after attaining secular equilibrium (Al-Masri and
Aba, 2005; Landsberger et al., 2013, Sartandel et al., 2014) and this is more accurate than
comparing the activity ratio 22U/?3°U (Dowdall et al., 2004). It also worth to mention that
secular equilibrium varies with the radionuclide of interest and this is shown in Table 2.3.

The disadvantage of using secular equilibrium to extrapolate the activity concentration
of the parent is the waiting period especially for those nuclides with very long half-lives. It is
evident from Table 2.3 that the activity concentration of 223U can be measured from 234Th and
234Pa after a waiting period of 4 months (Huy and Luyen, 2004). However, the equilibrium
state can be disturbed, intentionally or accidentally and this occurs when members of the
radioactive decay series are removed or added creating a condition of disequilibrium.
Disequilibrium can be due to human activities such as back end uranium mineral mining
activities which results in the separation of uranium isotopes from the primordial uranium
series (Dejeant et al., 2014).
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Table 2.3 Examples of radionuclides in equilibrium

Radionuclide | Measured Typical Reference

of interest radionuclide | delay time

238 234Th and | 4 months Huy and Luyen, 2004; Lenka et al., 2009
234Pa

226Ra 214pp and | 3 weeks Dowdall et al., 2004; Landsberger et al.,
] 2013, Murray et al., 1987)

228Ra 228Ac 36 hours Lourtau et al., 2014; Xhixha et al., 2013)

228Th 212pp and | 3 weeks and | Awudu et al, 2012, Condomines et al.,

224Ra 208T] 2 days 2010)

22TAC 227Th and | 3 months Kohler et al., 2000; Van Beek et al., 2010
223Ra

223Ra 219Rn A minute Desideri et al., 2008; El Afifi et al., 2006)

In the natural environment, disequilibrium is governed by the behaviour of individual
nuclides, physicochemical properties such as leachability and mobility (Wang et al., 2012;
Rajarethtnam and Spitz, 2000). Once the equilibrium is disturbed, it requires time ranging
from days to thousands or even millions of years to be restored depending on the half-lives
of the radionuclides.

Note that the activity only describes the number of disintegrations per second and
does not mention the kind of radiations emitted or their energies (Faires and Boswell, 1981).

The next section will describe the types of radiations and their characteristics.

Transient equilibrium

Transient equilibrium occurs when the half-life of the parent is a few times greater than
the half-life of the daughter i.e. where 1, < 4, (Magill & Galy, 2004) and during this period
the parent will undergo radioactive decay while the daughter will build up. The daughter will
build up until a state of equilibrium is reached. A close look at the decay equation shows that
as the exponential term becomes smaller and smaller and the ratio of Ap/Ap approaches the
limiting constant value A, /(Ap -4p) Which is shown by equation 2.17.

NpIN, = 2,/Ap — 2,

(Eq. 2.17)
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Transient equilibrium can be shown by the decay of 14°Ba (T2 12.75d), which decays to
140 a (T121.68 d) as shown in Figure 2.8.
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Figure 2.8 Example of transient equilibrium between “Ba and %°La (Magill and Galy,
2004)

While the activities of both the parent and the daughter nuclides may appear to be
almost the same, there will be some changes with time. As can be deduced from equation
2.17, a state of equilibrium will be attained and the proportions of nuclides becomes a
constant value (Kaplan and Gugelot, 1955) and the parent and the daughter nuclides will

decay at the same rate, related to the decay of parent.

2.4.4 The biological effects of ionising radiation in humans
The immediate consequence of the interaction of any radiation with matter is the deposition
of an appreciable amount of energy causing the ionization and excitation of atoms and
molecules. The extent of radiation damage in biological molecules is governed by the type of
radiation and its energy, dose received, number of cells involved and sensitivity of organs
(CPEP, 2003). Scientific studies have shown that the main target of radiation damage to the
cell is the DNA, which may lead to cell mutation, carcinogenesis and sometimes cell death
(UNSCEAR, 1998).

The radiation damage caused to the cells may sometimes be self-repaired by the body
so that there is no apparent effect, but high doses of radiation received may result in harm.
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lonising radiation can cause two types of biological effects which are: (a) somatic effects
which is type of damage that occurs in the irradiated person and may be further divided into
acute if the individual receives large doses at the shortest possible time and this leads non
stochastic effects. The other form is chronic effects in which low doses are received over a
long time and this gives the body an opportunity to repair itself and recover from radiation
damage. The results of chronic effects occur by chance and the symptoms may appear
several years after the dose has been received. The second form of biological damage due
to ionising radiation is (b) genetic defects which can be passed on to future generation
through the changes in the chromosol structure of offspring. If the damage occurs in the
young and undifferentiated cells, the changes in the hereditary material will be carried to
subsequent generations.

lonising radiation can cause an increase in the mutation rate and the number of
abnormalities in the gene pool. Therefore, the population radiation exposure must be carefully
controlled and minimized. While it can be argued that there are other sources which induce
cancer in human beings, it is imperative to control radiation exposure even in low doses since

it can induce cancer.

2.5 Radiation detection

lonizing radiation is emitted as either alpha and beta particles or by waves (gamma
rays, neutron) and these impart their energy to the absorbing medium and leave their
signatures. The effects of radiation signatures can be measured with a suitable detector.
Scintillation counters make use of special crystal materials which when activated will be able
to give flashes of light photons (Choppin et al., 2002). Scintillation detectors are known for
their high efficiency in acquisition but poor in their energy resolution (Bode, 1998). Depending
on the availability of materials and cost, it is possible to manufacture solid, liquid or gas
scintillator detectors.

The other type of detectors operate based on ionization where charge carriers are
produced between the charged electrodes contained in the detector. Devices working on this
principle can be solid semiconductor materials or gas filled, which are divided into ion
chamber, proportional and Geiger-Muller tubes. Solid semiconductor has p-n junction diode
(Gruber, 2009). When photons interact within the depleted region, charged carriers (positive
holes and negative electrons) are freed and are swept to their respective collecting electrodes
by high voltage supply. The collected charge is shunted into a preamplifier and converted to

a voltage pulse with the amplitude proportional to the original photon energy.
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The most common materials for semiconductor detectors are germanium (Ge) and
(Si). Semiconductor detectors are frequently used because of certain advantages such as
high energy resolution, good stability, excellent timing characteristics and simplicity of
operation. The fundamental differences between Ge and Si based detectors rests on the
energy gap, atomic number and mobility of the major carriers. The Ge requires less energy
than Si detector which confers its use to room temperature. However, Ge must be cooled to
77K or -196 °C with liquid nitrogen to reduce the energy leakage current due to thermal
generation of charged carriers to an acceptable level which is only achieved under vacuum
conditions. The sensitive detector surfaces are protected from moisture and other
contaminants. The gamma detector is made of high photoelectric cross section material to

improve the efficiency.

2.5.1 Interaction of ionising radiation with matter

lonising radiation is radiation that has enough energy knock out electrons out of their
electron cloud around the atom and thus disturbs the electron/proton balance resulting in the
formation of a positively charged atom and a free electron. The highly energetic electrons
transfer their energy to the absorbing medium through ionisation and excitation. If the
absorbing medium is composed of body tissues, sufficient energy may be deposited within
cells, destroying their reproductive capacity. However, most of the absorbed energy is
converted to heat, producing no biological effect (Chandrasekaran et al., 2015). There are
two types of ionisation which are: direct ionisation which is due to charged patrticles (alpha
particles, beta particles, electrons) and indirect ionisation which is mediated by neutral waves
such as X-ray, gamma photons and neutrons). These are discussed in detail in the following

subtopics.

Interaction of charged particles with matter

Charged particles such as protons, electrons and alpha particles are capable of direct
ionisation provided they have enough kinetic to produce ionisation by collision as they
penetrate matter (Bailey, 2014). It is well documented that a mono-energetic, parallel beam
of charged particle has a well-defined distance through which they can travel before coming
to a stop, whereas uncharged particles are attenuated more or less exponentially without a
well-defined range (Turner, 2007). Charged particles interact with matter continuously and
intensely and exhibit a well-defined range and because of this they have a low penetration

ability as opposed to uncharged particles (Khan, 2010).
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As charged particle traverse through matter the interact with material through two
mechanisms: ionising slowing down and radiative slowing down.

During ionisation slowing down, the coulombic interaction of the charged particle with
the atomic electrons may impart energy to the atom and excites to a higher energy state. If
the energy is sufficiently high, one or more electrons may be ripped off the electron cloud
leading to a cascade of ionising events. In every ionisation event, a small amount of energy
is transferred from the charged particle to the atom being ionised so that the energy of the
traversing particle decreases (Turner, 2007). and this can be explained in terms of linear
energy transfer (LET i.e. the energy transferred per unit path length) of a heavy charged
particle. The mechanism of ionisation slowing down is illustrated by in equation 2.12

z%Z

LET =22 (2.12)

Where z is charge of the projectile, Z is the atomic number of the medium in which the
interaction takes place and v is the speed of the heavy charged particle. The LET rate is the
measure of the intensity with which the particle interacts with matter (Cember and Johnson,
2009) and the ionisation density (Jevremovic, 2009). From the given expression of LET, it
can be deduced that:

e The z? term shows that the higher the charge, z, on a charged particle, the more
intensely it will interact i.e. the more energy will be transferred and the more ion pairs
will be produced per unit path length.

e The z term shows that the higher the atomic number Z of the medium in which the
charged particle slows down, the more intense the interaction will occur i.e. the more
energy will be transferred per unit path length.

e The 1/v term shows that slower-moving charged particles will interact more intensely

than fast moving charged particles.

The second mechanism by which charged particles lose kinetic energy occurs via radiative
slowing down in which a loosely bound charged particle enters the vicinity of an atomic
nucleus where it will be deflected from its original direction by the electric field in the nucleus.
This results in the instantaneous change of direction and speed of movement of the
electrically charged particle. The charged particle is decelerated, and it emits photons known

as bremsstrahlung (“braking radiation”) (Turner, 2007) and this only occurs to unbound
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charged patrticles. Conversely, charged particles such as atomic electrons that are bound
inside a well potential do not emit bremsstrahlung when they are accelerated as they have
guantised energies.
The intensity of bremsstrahlung production is given by the approximate relationship
(Zschornack, 2007).

] =22 (2.13)

m2

Where z is the charge of the particle, m is the mass of the particle and Z is the atomic
number of medium. It can be deduced from equation 2.13 that:

e Bremsstrahlung and radiative slowing down does not play a significant role for heavy
charged particles, as a result of the 1/m? term. However radiative slowing down with
associated bremsstrahlung production will play a role in the attenuation of low mass
charged particles such as electrons.

e The slowing down of charged particles in a medium with a high atomic number Z
will produce much more bremsstrahlung compared to a medium with a low Z on

account of z2term.

Interaction of X-rays and gamma photons with matter

Uncharged particles such as neutrons and photons are indirectly ionising. lonising
photons interact with atoms of a material or absorber to produce high speed electrons by
three major processes: Photoelectric effect, Compton scattering and Pair production. (Knoll,
2010)

Photoelectric absorption

During photoelectric absorption, a photon disappears being absorbed by an atomic
electron and this results in ionisation with subsequent ejection of the electron from the atom.
The energy of the liberated electron is the difference between the photon energy (hv) and
the energy needed to knock out the electron from the atom (Eb) as shown by equation 2.14.

(Kantele, 1995). Figure 2.9 depicts the process of photoelectric absorption.

E,_=hv —E, (2.14)
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Figure 2.9 Schematic of the photoelectric absorption process (Gilmore and

Hemingway, 2008)

The recoil momentum is absorbed by the nucleus to which the ejected electron was
bound. If the released photoelectron has enough energy, it may generate secondary
ionisation along its trajectory and in the case of a semiconductor material it may create
electron hole pairs. If the electron does not leave the detector, the deposited energy
corresponds to the energy possessed by the incident photon. The phenomenon of the
photoelectric effect allows calibrating the gain of the detector attached to its readout system
if the required energy to create electron hole pairs are known. The incident photons create
an vacancy in the electron orbit, thus leaving an atom at higher energy state. The position
can be filled by an outer orbital electron, resulting in emission of characteristic X-ray photons
and fluorescence radiation (Lamarsh and Baratta, 2001). The excess energy, which is
displayed as escape photons give rise to the so-called escape peaks in the measured
spectrum. It should be noted that photon interaction depends on atomic number of the
absorbing material. The optimum cross section increases as roughly Z3 and for silicon, the

photoelectric effect is dominant for photons below 100 keV.

Compton scattering

Compton scattering is collision in which an incoming gamma photon strike a loosely
bound electron and the process results in the conservation of energy and momentum (Omole
and Akanbi, 1997). During this process, some of the photon’s energy is transferred to electron
with consequential loss of energy and change in the trajectory in the incoming gamma-ray
photon forming a recoil electron as shown in Figure 2.10 (Lamarsh and Baratta, 2001). The
energies of the scattered photon and recoil electron are related to the angles at which they
are emitted. By considering the equations for the conservation of energy and momentum, the
energy of the scattered photon hv'is related to the scattering angle 6 by the expression given
in equation 2.16 (Kaplan, 1962).
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Figure 2.10 The electron energy and energy of scattered photon ( Santawamaitre, 2012)

hv' = (2.16)

where, myc? = 511 keV represents the rest mass energy of the bound electron. It thus,

follows that the kinetic energy of the recoil electron is given by equation 2.17

Es=hv—hv = hv( (hw/moc?)(1~cos 6) ) (2.17)

1+ (hv/moc?)(1—cos 6)

The energy associated with the recoil electron can change from zero (6 = 0) up to a
maximum value (6 = ) depending on the scattering angle. The maximum energy of the

recoil electron is given by equation 2.18.

Ep=—21 (2.18)
e

T 2+mgc2/hy

The probability of Compton scattering taking place depends on the number of

electrons per unit mass of the interacting material and the incoming gamma-ray energy as a

function of Ei (Lilley, 2001).The Compton effect is one of the major ways in which a beam of
Y

X -rays and y -rays is attenuated in passing through matter.
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Pair production

A photon can interact in the field of a nucleus, annihilate and produce an electron-
positron pair and this usually occurs in the presence of a third body which help in the
conservation of energy and momentum as illustrated by the expression 2.19. The
transformation energy required is above 1.022 MeV i.e. two times the rest mass of an

electron.
E, = E, — 2myc? (2.19)

The excess photon energy greater than the minimum transformation energy is
imparted to and distributed equally to the positron and electron as kinetic energy as shown
by the equation 2.19 (Knoll, 2000). The electron and positron pair continue to interact with
the surrounding transferring and losing kinetic energy along their path. Similarly, the f* can
be moderated and because of its plus charge, it can combine with a negatively charged
electron and subsequently annihilate to form two photons referred to as annihilation photons,
each having energies myc? = 0.511MeV and they traverse in opposite directions as is shown
in Figure 2.11 (Gilmore and Hemingway, 2008). There exist no simple expression for the
probability cross section of pair production per nucleus,K, but its size varies approximately
as the square of the absorber atomic number as shown by the expression in 2.20 (Turner,
2007).

K ~ Z2f(E,, Z) (2.20)

The variation of the K with the atomic size is dominated by the Z? term. The function
f(E,Z) is only slightly dependent on Z and increases continuously with energy from the
threshold 1022 keV. The interaction scales up as Z? varies for different nuclei and thus
materials containing high atomic number materials are more ready to convert photons into
charged patrticles (Turner, 2007) and is the dominant interaction process for gamma energy
greater than 10 MeV (Das and Ferbel, 2003). The relative importance of the three-interaction
processes as a function of photon energy and the value of Z absorber is shown in Figure
2.12.
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Figure 2.11 Schematic of the pair production process and annihilation (Kamunda,
2017)

2.5.2 Types of radiation detectors and principles of operations

There are several types of radiation detectors such as gas, scintillation or
semiconductors detectors (Lilley, 2001) and the choice of a detector depends on information
provided. Some detector can respond to high energy and high intensity and this depends on
the type of radiation being measured. The main difference in detectors is based on the
operating medium which can be gas, liquid or solid materials. In all detectors, the operating
principles are universal which involves the generating of electrical signal which is as result of
the interaction of radiation with the detector material. The detection methods are, in general
based on the process of excitation or ionisation of the atoms in the detector by the passage
of charged particle. There are a wide variety of detectors but currently three broad categories

can be distinguished.
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Figure 2.12 Interaction of three gamma ray photons and their region of dominance
(Kamunda, Mathuthu, & Madhuku, 2016)

Gas filled detectors

In gas filled detectors the charged particles are passed through a gas in which the main mode
of interaction involves ionisation and excitation of the gas along the particle track (Knoll,
1999). Although the excited molecules can at times give a signal that can be quantified, the
majority of gas filled detectors are based on sensing the direct ionisation created by the
passage of radiation. All the ionisation caused by a single particle of alpha, beta or gamma
radiation inside a closed volume of gas is collected by applying a suitable electrical voltage
across the container. The threshold energy needed to produce an electron ion pair is 30+
10eV with slight dependence on the gas used and the energy of the incident particle (Martin,
2008). The electrons are attracted to the positive electrode and are swept from the gas before
they can recombine with the positive ions. Figure 2.13 gives a schematic diagram of the gas
filled detectors which are as primary detectors for measurements of alpha and beta particles.

In gas filled radiation detectors, the amount of voltage across the electrodes and hence the
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electrical field strength can be manipulated to give lonisation chamber, Proportional counter

or Geiger Muller counter (Bailey et al., 2014).

Cathode e

I 500V I

Figure 2.13 Gas filled detector (Lam, 2012)

It should be noted that gas filled detectors are ideal for counting low energy electrons,
ions and photons due to the poor stopping capability of gas detection medium for gamma
rays. Since low attenuation of photons implies poor detection efficiency for photons in gas
detection medium, a higher atomic number and/or higher density liquid or solid materials are
employed to measure higher penetrating radiations (Krane, 1988; Gilmore, 2008). Such

detectors may be scintillation detectors or semi-conductors’ detectors.

Scintillation Detectors

Scintillation detectors are one of the oldest and most useful techniques for the
detection ionising radiation and spectroscopy of a wide range of radiations (Knoll, 2000).
semiconductor detectors are used. Scintillation detectors are only sensitive to one type of
radiation. Infact, Nal detectors will pick gamma radiation, but not alpha or beta while ZnS will
only pick alpha radiation. In scintillator detectors, radiation strikes the scintillator and causes

it to give off photons as visible light. These photons pass through the crystals and they strike
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a thin metal called a photocathode- when this happens, the light enters a second part of the
detector called a photomultiplier (PMT). The hitting of the photon on the photocathode causes
it to be ejected from the cathode. Attached to the photocathode is a set of metal cups in which
voltage is applied to each of them. The high voltage will accelerate the electron to strike the
neighbouring cups leading to the knocking out of other loose electrons and this results in a
cascading effect. Consequently, the PMT, the initial signal is multiplied by a factor of million
or so. The amount of light generated every time a gamma hits the crystal culminates in pulse
of electrons arriving at far end of the detector can be quantified on an electrical readout.

For gamma-ray spectrometry, Thallium activated sodium iodide scintillation detectors
(Nal(Tl)) is the most frequently used because it has a high efficiency for detecting gamma
radiation and does not require cooling. However, the major In this process the scintillation
detector is a transducer that changes the kinetic energy of an ionising particle into a flash of
light. limitation of scintillation detection is that they have poor energy resolution (Cember and
Johnson, 2009). To achieve a good energy resolution, A germanium semiconductor detector

was used in this experimental work and this is described in detail in the following section.

Semiconductor Detectors

Semiconductors detector are fabricated from either elemental or compound crystal material
having a band gap in the range of approximately 1 to 5 eV (Knoll, 1999) and this may be
Silicon or Germanium. These detectors have a P-I-N diode structure in which the intrinsic
region (I) region created by depletion of charged carriers when a reverse bias is applied
across the diode (Cember and Johnson, 2009). Semiconductors detectors are solid-state
devices that operate in the same manner as ionisation chambers, however, the only
difference is that in semiconductors, the charge carriers are not electrons and ions but are
electrons and “holes”. When an incident photon strike upon the P-I-N junction in the depletion
region, it produces electron-hole pairs as it passes through it . The electrons and holes are
swept away under the influence of the electric field and with proper electronics the charge

collected produces a pulse that can be recorded (Mirrion Technologies, 2017).

High Purity Germanium detector

It should be noted that these detectors do not consist only of semiconductor material
and two electrodes but there exist several impurities atoms in these materials. The elements,
Si and Ge have a valence 4 thus, when an impurity atom of valence 3 (acceptor) or 5 (donor)

exists in the crystal, this tends to lower the energy necessary to create electron-hole pairs
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and this results in the creation of much noise. In order to overcome this, p-n junctions are
created at one electrode and then polarize it to prevent the passage of current through it

when there is no ionizing radiation.
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Figure 2.14 P-I-N junction (Anon, 2013)

This process is referred to as reverse bias. This process creates a region called the
depletion layer. A step forward was ultimately achieved when high Germanium (Ge) material
could be fabricated (Hansen, 1971; Khandaker, 2011), with impurity concentration of 10%°
atoms/cm -3 as against the 102 atom/cm 3, eliminating the need for Li compensation. This
gives rise to high resistivity which is proportional to the square of the depletion layer’s
thickness. This achievement paved the way for the development and manufacture of a more
efficient detector (Figure 2.14). Some major characteristics of HPGe detector are high atomic
number, low impurity atom concentration, low ionizing energy requirement to generate
electron-hole pair, compact size, high conductivity, high resolution, immediate response and
the simplicity of operation (Khandaker, 2011).

The Germanium semiconductor is widely used by many researchers as the detector
of choice for high energy-resolution gamma-ray spectrometric analysis due to its superior
energy resolution (Knoll, 2000). The Germanium detector operates by collection of charges
originating from the ionization process of the semiconductor material. On average, an

electron-hole pair is produced for every 3 eV absorbed from the radiation. Subsequently, the
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pair of electron-hole move under the influence of electric field to the electrodes where a pulse
is generated.

2.6 Toxic heavy metals

Heavy metals are the most dangerous pollutants in the environment due to their non-
biodegradability and their persistence in the environment and these are discharged into the
environment through natural and anthropogenic sources. The term heavy metal refers to any
metallic element that has a relatively high density usually more than 5.0 g/cm3. Examples of
these include mercury (Hg), cadmium (Cd), arsenic (As), chromium (Cr), lead (Pb), Copper
(Cu), Nickel (Ni) and Iron (Fe). These metals are classified into three categories: toxic metals
(Hg, Cr, Pb, Cu, Ni, Cd, As etc), precious metals such as Pd, Ag, Au, Ru etc and radionuclides
such as U, Th, Ra, Am etc (Bishop, 2002). Some of the heavy metals have functional roles
which are essential for a multitude of physiological and biochemical process in the
mammalian bodies. Toxicity of heavy metals in the body depends on the type of element and
the concentrations. Some heavy metals in high doses can be harmful to the body while others
such as Cd, Hg, Pb and Cr even in very small quantities can have deleterious effects in the
body causing acute and chronic toxicities.

Heavy metals are inherently present in the environment and they constitute an
important class of toxic substances which are encountered in numerous occupational and
environmental circumstances. The impact of these toxic agents on human health is a subject
of intense interest due to their negative effects on health and the ubiquity of exposure
(Jaishakar et al, 2014). These heavy metals can induce cancer through various pathways
which depends on the type of metal and time of exposure. Heavy metal poisoning could result
from consumption of contaminated food or soil or drinking contaminated water and in some

cases may be as a result of exposure to ambient air contaminated with heavy metals.

2.6.1 The biological effects of toxic heavy metals

The ability of heavy metals to be mobilised and be transported between different
environmental compartments and made potentially available is directly related to speciation.
The forms of a metal that are available for uptake by organisms are considered to be the
bioavailable fraction. Bioavailability is the degree to which a contaminate from a source is
free for uptake and brings about site of action effect (Ownby et al., 2005), which may be toxic.
The element speciation is critical regarding both the mobility and the metals toxicity. Studies

have shown that bioavailability of toxic heavy metals in an ecosystem is brought about by
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either direct absorption or food chain distribution. Exposure of the organism to contaminant
concentration depends on its distance from the contaminant. The closer the organism the
higher the chance of interaction with the contaminant in which case the organism may absorb,
imbibe, ingest, or inhale the contaminant. In an environment where all the organisms are
exposed to uniform conditions, the predominant pathway is direct absorption and similarly in
terrestrial environment, the food chain mechanism is highly pronounced (Jarup, 2003).

Toxicity of some heavy metals

The toxicity of heavy metals to mammalian systems is due to chemical reactivity of
ions with cellular structural components such as enzymes and membrane systems. For a
long time, in vivo studies have shown that the severity of specific metals is dependent on the
concentration of the ions accumulating in a specific organ (Sakar et al, 2013). This is also
governed by route of exposure and the chemical compound of the metal. i.e. valency state,
volatility, solubility in lipids etc. Table 2.4 shows the target organ and clinical manifestations
of chronic exposures to the metals. It should be noted that the main threat toxicities of metals
lies on their potential to be carcinogenic.

Mercury toxicity is dependent on whether it takes the form of elementary mercury,
inorganic mercury or organic mercury compounds. The ingestion of methyl mercury in sea
foods is the major exposure scenario in human populations and about 80% of elementary
mercury is inhaled as vapour where it is retained in the lungs and penetrate the blood brain
barrier where it affects the neurons consequently leading to symptoms such as tremors,
emotional liability, insomnia, memory loss, headaches and affecting the kidneys and the
thyroid (Baishaw et al, 2007).

Copper is a naturally occurring metallic element that occurs in soil at an average
concentration of 50 parts per million (ppm). It is required by both plants and animals in small
concentrations. Copper is continuously discharged into the atmosphere through human
activities such as mineral mining and exploration, smelting and refining of copper and copper
downstream industries such as those making wire, sheet metals.

Short-term effects acute poisoning due to ingestion of excessive copper can cause
temporary gastrointestinal distress with symptoms such as nausea, vomiting and abdominal
pain. High levels of exposure to copper can cause destruction of red blood cells, possibly
resulting in anaemia (Franchitto et al, 2008). On the other hand, on a long-term effect,

mammalian cells have developed an efficient mechanism to protect themselves from
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overexposure to copper. However, at high enough levels, chronic overexposure to copper

can damage the kidneys and the liver.

Table 2.4 Clinical aspects of chronic toxicities

Toxic Heavy
metals Main Source Clinical manifestation
Lead Industrial dust and | Nervous  system,| Encephalopathy, peripheral
fumes and polluted | hematopoietic neuropathy, central nervous
water and food System, renal Disorders, Anemia.
Nickel Industrial dust, | Pulmonary, skin Cancer, dramatis
Aerosols
Tin Medicinal uses, | Nervous, Central nervous system
Industrial dusts pulmonary system | Disorders, visual defects
And EEG changes,
Pneumoconiosis.
Mercury Industrial dust and | Nervous  system, | Proteinuria
fumes and polluted | renal
water and food

It is confirmed that lead is a major toxic heavy metal ion affecting the environment
(Alloway & Ayres, 1997). The toxicity of lead poisoning results from the ingestion of lead
containing materials such as paint or water containing traces of lead from pipes. Poisoning
can also occur from inhalation of fumes from burning storage batteries. There is conflicting
evidence in human subjects to confirm that lead is a serious poison
(Benetou-Marantidou et al, 1988). Lead can enter the body through absorption and stored in
the bones, blood or brain. In children, lead has been shown to cause brain damage, induce
convulsions, mental retardation and even death. It is also known that lead is harmful to the
kidney and permanent neurological injury (Snyder, 1971). Lead can pass through the
placenta of the mother and can cause damage to the nervous system and brain to the unborn
child.
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2.6.2 Detection of toxic heavy metals in the environment

ICP-MS is a powerful technique for analysing heavy trace metals in environmental
samples (Chakraborty et al., 2013). The ICP- MS can determine accurately the concentration
of a specific element in the sample. The instrument first atomizes the sample followed by
separation of different atoms (Jarvis, 2006). Figure 2.15 shows the schematic diagram of
ICP-MS system. Most samples that are introduced into the ICP-MS system are liquids and
the samples have to be vaporised and this is achieved by a nebulizer and spray chamber
which volatizes the sample into fine aerosol droplets samples are introduced into an argon

plasma as aerosol droplets

Torch Interface Vacuum

Spray chamber

Nebulizer ___, Wj. Vs 1
= /7

Plasma Mass filter Detector

lon focusing

Figure 2.15 A diagrammatic schematic of quadrupole- ICP-MS (IAEA, 2014)

A stream of carrier gas, argon, breaks the liquid into small droplets that are injected
into the spray chamber. The ICP torch together with the radio frequency (RF) coil together
generates the argon plasma which creates a very high temperature of between 6000-10000
K environment for atoms, ions and electrons. The elements in the sample at such high
temperature are ionized and are directed to a mass filtering device known as the mass
spectrometer (MS) (PerkinElmer, 2004-2011).

The Interface then links the atmospheric pressure ICP ion source to high vacuum

mass spectrometer. The interface allows the plasma and the ions system to coexist and the
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ions generated by the plasma to pass into the ion lens region i.e. ions generated in the
plasma are extracted and introduced to the mass spectrometer as an ion beam. The ion
optics, quadrupole and the detector operate under vacuum and in this region, the sampled
ions are accelerated and focused onto the mass filter by a set of charged plates or ion lenses.

The ion optics guide the desired ions into the mass analyser (quadrupole) while
selecting against the neutral species and photons from the ion beam (PerkinElmer, 2004-
2011). The ion beam then passes through the collision/reaction cell that is used to remove
the interferences which can degrade the detection limit achievable. The MS then scans and
sorts the ions according to their mass/charge ratio followed by directing them to an electron
multiplier tube detector. At any given time only one mass-to-charge ratio will be allowed to
pass through the mass spectrometer from the entrance to the exit. The impact of ions
releases a cascade of electrons, which are amplified until they become a measurable pulse.
The software compares the intensities of the measured pulses to those from standards, which

make up the calibration curve, to determine the concentration of the element.
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CHAPTER 3 : MATERIALS AND METHODS

3.1 Description of the study area

The town of Arandis in Erongo region covers an area of 29 square kilometres and is
geographically located at latitude: 22.42°S, longitude: 14.97°E with an altitude of 585 m above
sea level. The town is 15 km outside the world’s largest pit mine: Rossing Uranium Mine
(RUM) and was established in 1978 to cater for employees for RUM. Over the years, due to
rural to urban migration and the availability of job opportunities in the mine and some
associated industries, the town has grown its population to 7600 inhabitants (Namibia
Census, 2011). The main activity at Rossing Uranium Mine is the extraction and mining of
uranium ore. Figure 3.1 (a) shows the ariel view of the town of Arandis where the samples
for soil, PM and radon measurements were collected.

On the other hand, Karibib is a satellite town for Navachab Gold mine in the Erongo
region of Western Namibia and it is highly affected by mining activities from the mine
operations. The town is located 10 km North of Navachab Gold Mine and has a population of
5132 inhabitants (Namibia Census, 2011). The area covers 97 square kilometres of town
land. The town is situated on the Khan River, halfway between the capital city, Windhoek and
the coastal town of Swakopmund. The main activities of this town are gold mining done at
Novachab is also surrounded by commercial farms for cattle ranging. The town is known for
its aragonite marble quarries and gold mining activities. Figure 3.1 (b) shows the layout of

Karibib town.

3.2 Sample collection

Soil and PM samples were collected from the mining towns of Arandis and Karibib.
The samples for PM, soil and radon gas were concurrently collected at the same geographical
position. The position of the site was clearly marked with geographical position system (GPS)
which was later used to locate the area using google earth. The sampling sites are illustrated
in Figure 3.1 (a) Arandis town and Figure 3.1 (b) Karibib town.

About 50 soils samples were purposefully randomly sampled from each town in the
vicinity of the mine. Each sampling location was carefully marked and cleared of debris and
about 500 g of topsoil was scoped from the site using a shovel. Three samples from each

marked site was thoroughly mixed and homogenised to make one sample as a representative
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of that area. The soil samples were sieved to pass through a 2 mm sieve and placed in a

polyethylene plastic bag and sealed. The sampled area was located with geographical

(a) Arandis town
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Figure 3.1 The map of Arandis town (a) and Karibib town (b) showing some sampling
sites (www.googleearth.com)
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positioning equipment (GPS) and the sampling bags were marked appropriately. The
samples were taken to Namibia University of Science and Technology’ Post graduate
laboratory for analysis. Similarly, for particulate matter (PM), a total of twenty (20) single
bucket dust monitors were deployed in each satellite mining town according to the procedure
of American Society for Testing and Materials standard method (ASTM D1739). Dust fallout
method is a known and accepted method used to monitor particulate matter including fallout
dust from various sources (Kgabi et al., 2012). An open area with no obstructions from
buildings and trees was selected at each sampling site. The sampling area was marked with
a geographically position system (GPS) and the cylindrical buckets were tied to a metal pole
and raised at least 1.5 m from the ground to avoid some water droplets and other debris from
contaminating the contents of the bucket. The buckets were half filled with deionised water
and it was treated with biocide to prevent algal growth and exposed for one calendar month.
The amount of water to be filled in the bucket and the time was varied depending on prevailing
conditions. The procedure was repeated for three consecutive months i.e. from May 2017 to
July 2017. The contents of each bucket were taken to the laboratory where it was analysed
using gravitational method, elemental concentration, morphological and radiological

characteristics.

3.3 Assessment of radioactivity in particulate matter and soil
3.3.1 Soil sample preparation

At the laboratory the samples were dried in an oven to drive off all the moisture and
they were transferred into sealable 500 ml Marinelli beakers. The samples were sealed and
kept for 28 days to allow secular equilibrium to reach between uranium and its progenies and
thorium with its progenies. The activity concentrations were measured using Canberra High
Purity Germanium Detector (HPGe) and the results were used for the calculations of radiation

parameters.

3.3.2 Particulate matter sample preparation

The buckets containing particulate matter samples were transferred to the laboratory.
At the laboratory, the units were filtered with a Buchner filtration system. After filtration, the
samples were attached to filter papers, air dried and placed in a desiccator to allow the mass
to stabilise before weighing to determine the exact amount of settled particulate matter (PM)

using gravitational calculations.
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3.3.3 Gamma spectrometry

3.3.3.1 Detection system description

Gamma spectrometry is a non-destructive method for the measurements of activity of
different radionuclides in environmental samples. Many radioactive sources will leave
signatures that are used for quantifying them. i.e. they produce gamma rays of different
energies (Lutz, 2001). A block diagram of High Purity Germanium detector (HPGe) coupled
to a high vacuum cryostat Dewar system containing liquid nitrogen which creates a path
for heat transfer from the reservoir to the detector is illustrated in Figure 3.2. The detector
is shielded with a heavy lead material to prevent background radiation. The system is
supplied with a high voltage power supply which can reach about 4000 V and supplies voltage
to the rest of the electronic components. The system also has highly efficient electronics
which include a preamplifier which produces a response proportional to the quantity of
charge produced by the incident ray. The other element of the electronics is the amplifier
whose main function is to amplify the signal. The last element is the multichannel analyser

(MCA). The last part is critical in the experimental measurements.

Sample
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A
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Rays p play

Figure 3.2 The schematic diagram of HPGe gamma spectrometry system (Faanu,
2011).

45



The MCA is composed of an analogue-to-digital converter (ADC), control logic,
memory and display and its function is to collect pulses in all voltage ranges at once and
displays this information in real time as final results or as data for further analysis (Reguigui,
2006). It is worth noting that the energy resolution and efficiency of the detector are two
critical aspects of the detector and these are discussed briefly. Energy resolution of High
Purity Germanium (HPGe) detector is a dominant characteristic in this type of detector and
is responsible for enhancing the separation and resolving of various close energy gamma-
ray peaks in a complex spectrum system. The energy resolution sometimes referred to as
the full width at a level at half maximum of the full energy peak (FWHM) and this is expressed
in keV for germanium detectors. The gamma peak energies of some standard radioactive
sources such as ¥Cs and %°Co are known i.e. the specific characteristic full energy peak of
137Cs and %°Co are 662 keV and 1332 keV respectively. The energy resolution of the
germanium detector depends on the number of electron-hole pairs created in the detector,
charge collection and electronic noise contribution. These three factors rely on the properties
of the detector and the gamma-ray (Knoll, 2000). Similarly, the effectiveness of the detectors
is inversely related to the log energy of the detector and depends on geometry. As a rule of
thumb, the number of calibration points used in the analysis are important to produce an
ideal calibration curve (IAEA, 1989).

3.3.3.2 Energy and efficiency calibration for high purity germanium detector (HPGe)

The calibration of energy-to-channel number was performed using International
Atomic Energy Agency (IAEA) composite standards of Cadmium-109, Strontium-85 and
cobalt-60 before sample measurements. These composite sources were chosen because
they contain nuclides that emit photons covering the desired energy region.

The composite source was placed in a lead shielded detector and ran for 12 hours and
the true position of every full energy peak was determined accurately, and the energy of the
photon was plotted against the channel number as shown in Figure 3.3. The produced peaks
were used to determine the energy of a photon that is responsible for an unknown peak in
the spectrum. The IAEA composite standard used for energy calibration was also used for
the efficiency calibration and these were counted for 12 hours. The net counts for each of the
full energy events in the spectrum was determined and their corresponding energies were
used in the determination of the efficiencies and this follows the expression given in 3.1 as
follows (Darko et al., 2007).
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n(E) =

Nt—Np

PeAstpTstD

where;

n(E) is the efficiency of the detector,

P is the gamma emission probability for a given energy,

N7 is the total count under the photopeak,

Nj is the background count,

3.1

Agrp is the activity (Bq) of the radionuclide in the calibration standard at the time of calibration,

T¢rp is the counting time of the standard.
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Figure 3.3 The energy calibration curve for the HPGe detector

The measured results were then plotted on a graph after taking into account a

simplified geometry for the marinelli beakers such as physical parameters of the sample (fill

height, material matrix, density and distance of the detector). The efficiency calibration curve

was used to produce qualitative and quantitative results. Figure 3.4 shows a dual efficiency

calibration curve for the HPGe detector.

3.3.3.3 Measurements of activity concentrations in soil samples

The beakers were tightly closed to prevent escape of radon gas and kept for at least

twenty-eight days before measurements to allow radionuclides to attain secular equilibrium
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with their progeny. According to Thorne and Mitchell (2011), who reviewed the behavior of
2381 in soils, following the disturbance of stability in its natural environment, the attaining of
secular equilibrium occurs in an isolated system. The radionuclides in the decay chain can
be differentiated on the basis of chemical properties mainly controlled by distribution
coefficient (Kd) of 22°°Th and 2%°Ra or the formation of 222Rn which may lead to disequilibrium
of the progeny. Contrary to most calculations in 223U which assumes that after 28 days the
radionuclide will be at equilibrium with its daughters, it takes 10° years in most environments
Chiozzi, Pasquale, & Verdoya (2002) to establish this equilibrium and as such measurement
of 238U is performed from first principle with the shorter -lived members of 238U assumed to
be in secular equilibrium with their immediate long lived ancestor. This follows that 22U is

measured from 23*Th and 2%*™Pa while ??°Ra and %'°Pb is measured from their respective

progenies.
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Figure 3.4 The dual efficiency calibration curve for the HPGe detector

The activity concentrations of each radionuclide was determined by considering the
weighted mean activity concentrations of the daughters in each series at the given photo
peak except where there was interference. i.e. 238U was determined using photopeak
63.20 keV (4.1%) and 92.60 (2.39%) keV from 23*Th and 1001.03 keV (0.84%) from 234mPa
and ??°Ra was determined with photopeak 295.2 keV (19.7%) and 351.9 (38.9%) from 214Pb,
609.3 keV (46.1%) and 1120.3 keV (15.7%) from 2“Bi. Similarly, 2*°Th activity was

determined from the gamma-rays of 238.6 keV (44.6%) from 2%?Pb and 338.3 keV (11.4%),
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911.6 keV (27.7%) and 969.1 keV (16.6%) from 222Ac, while 21%Pb and “°K activities were
determined from a single gamma energy photon line at 46.54 keV (4.25%) and 1460.2 keV
(10.7 %) respectively. This is summarised in Table 3.1. The activity concentrations of radium,
thorium and potassium in Bg kg™ of the radionuclides in the composite soil samples were

calculated using equation (3.2) (Hamby & Tynybekov, 2002).

_ Cnp
ABq.kg—l "~ BIxg(Ey)xm (3.2)

where, Cyp is the net peak counts for a given energy line, B.1 is the branching intensity, e(Ey)

is the absolute photo-peak efficiency of the detector and m is the mass of the sample in kg.

Table 3.1 Summary of nuclear data of radionuclides used in the analysis.

Parent nuclide Daughter nuclide Gamma Energy Gamma Ray
(KeV) Abundance (%)
238y 234Th 63.20 4.1

234Th 92.60 2.39

234mpg 1001.03 0.84

226Ra 214pp 351.9 38.9
214pp 295.2 19.7
214B;j 609.3 46.10

214B;j 1120.3 15.7

232Th 212pp 238.6 44.6
228Ac 338.3 11.4

228Ac 911.6 27.7

2287 969.1 16.6
40K - 1460.20 10.67
210pp - 46.54 4.25

3.3.3.4 Measurements of activity concentrations in PM samples
The activities of the investigated radionuclides (??°Ra, 228U, 232Th, 4°K and 2!°Pb) in
particulate matter from the two mining towns were determined by direct gamma spectrometry,
using a well-type high purity germanium (HPGe) detector, with an efficiency of 30 % relative
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to a 3”x 3” Na(TI) scintillator and an energy resolution (FWHM) of 1.8 KeV for 1.33 MeV ¢°Co
reference standard. The samples were stored for 4 weeks in a 1.5 ml Eppendorf tubes which
were tightly closed to allow equilibrium to be established in uranium and thorium series. The
prepared Eppendorf tubes together with the samples were placed in a well-type detector and
run for 12 hours. Both the sample and the detector were lead shielded to supress background
radiation. The ambient background radiation was determined by running an empty Eppendorf
tube under identical conditions with the sample. The latter was subtracted from the measured
spectra to obtain the net radionuclides activities using the gamma energy lines given in the

previous topics. The data was acquired, stored and displayed by Genie 2000 software.

Detection limit for gamma analysis of 23U, 232Th and 4°K

Detection limit is defined as the estimate for the lowest amount of activity of a specific
gamma-emitting radionuclide that can be detected at the time of measurement and can be
calculated from several expressions. One such expression is what is known as the lower limit
of detection (LLD) which contains a pre-selected risk of 5 % of concluding falsely that activity
and a 95 % degree of confidence for detecting the presence of an activity i.e. lower limit of
detection is defined as the true signal which may be expected to lead to a detection and is
expressed as in equation 3.3. The detection limit sometimes called the critical level was
introduced to give certain degree of confidence in measuring radioactivity concentrations in

samples.

LLD = 2.706 + 4.653y, (3.3)

where, gy, is the standard deviation of count number when a blank sample is measured to

determine the background level. The detection limit provides a means of determining the
operating capability of a gamma measuring system without the influence of the sample and
assumes that the count rate in the energy area taken for the radionuclide and the count rate

in the region taken for background are independent.

Minimum limit of detection (MDA)

The minimum detection activity is a criterion for measuring performance of gamma-
ray spectrometric counting. The minimum detectable amount of activity can be obtained from
detection limit in equation 3.4.
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MDA = (3.4)

where, LD is the detection limit, & is the counting efficiency of the specific nuclide’s energy;
and P, is the absolute transition probability by gamma decay through the selected energy as
for e < 1. The MDA in Bg/kg used for determination of 238U, 2*2Th and “°K in this study are

given in Appendix A.

3.4 Determination of indoor radon concentrations in selected households

3.4.1 Sample site selection criteria

The radon gas monitors were randomly deployed in the selected households in mining
towns and the sites were marked by geographical positioning system. These households are
single floor apartments, free standing houses and semi-detached houses constructed of
concrete, sand, and cement bricks and the roofs are at a height of 2.5 -3.5 m above ground.
Short term radon measurements were carried out to evaluate the concentration of radon in
dwellings in each of the two mining towns using Radon Passive Alpha CR-39 detectors. The
duration of deployment of radon gas monitors ranged from 2 days to 90 days and this study
was done over a period of three months to improve reliability. The dosimeters were installed
at 2 metres above the ground exposed to ambient air in each dwelling (Asumadu-Sakyi et
al., 2012). Precaution was taken not to install the dosimeters directly to the source of sunlight

or closer to windows and other electronic gadgets that that can disturb the flow of currents.

3.4.2 Indoor radon detective device

Figure 3.5 is an illustration of the CR-39 radon gas monitors that was used in this
study. There are slits around the dosimeter that allows the radon gas to diffuse into its
chamber. The alpha particles generated from the decay of radon and its daughter in the air
volume of the chamber can interact with the CR-39 film leaving microscopic ionization tracks
which can be etched by an optical amplification readout device. After three months of
exposure, the CR-39 dosimeters, were retrieved and chemically etched at a laboratory at
Radon Gas Monitor (RGM) company in South Africa.
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3.4.3 Interpretation and analysis of data
The number of tracks generated on each solid-state nuclear track detector (SSNTD)
was counted and these were used to calculate the density i.e. tracks per given area

(tracks/cm?) denoted by the symbol, p according to the equation 3.5 (Aniagyei et al.,1996)

ZN;
p = I (3.5)

= nA
where, N; is the number of tracks counted in the field of vision i, A is the surface area (cm?);

n is the total number of fields on vision.

Figure 3.5: An illustration of CR-39 radon gas monitors
The concentration Cg,, of radon in each room was correlated to the track densities on
the CR-39 detector using the following formula in equation 3.6 (Al-Bataina et al, 1997; Durani

& Bull, 1987; Thabayneh, 2015).

Crn = 222 (3.6)
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where, Cg, is the indoor radon activity concentration (Bg/m3); p, is the background track
density; t is the exposure time of the detectors and equals to 2160 hours (90 days) in our
study; k is the dosimeter calibration factor (tracks.cm-?/kBgm-= h). The calibration factor of
the detector used was assumed to be 1 track.cm?kBgm-3h and p, = 0. It has been shown

that passive radon gas monitors are subject to systematic errors (Mishra et al, 2014)

Assessment of dose due to radon and its progeny

When it was realised that most of the dose due to radon come from its short-lived
progeny, a conservative limit value was established, and this is known as the working level
(WL). This was based on the energy that inhaled progeny would deposit in the lungs. In the
traditional uranium mines, ventilation was often poor, and the radon progeny were close to
equilibrium with radon (ICRP, 1993). It was also found that the radon progeny equilibrium
with 3,700 Bgm-3 radon gas would release approximately 130,000 MeV of alpha energy as it
decays and thus 1 WL is defined as;

1 WL =130 000 MeV alpha energy per liter of air

= 0.0208 millijoules (mJ) alpha energy per m3in air (mJm-3)

The average working hours per month of a miner at that time was 170 hours and so the
working level month (WLM) was introduced to simplify record keeping. The working level
month (WLM) was calculated using equation 3.7 (EPA, 2003); the annual effective dose from

radon and its progeny (Hg: mSvl/y) using the equation 3.8 (UNSCEAR, 2000) respectively.

Ep = Crn X F X 2.7 X 107% x — (3.7)

HE(mSv/y) = Crp X E XF XT XD (3.8)

where, Ej is the average annual radon progeny exposure rate, Cg,, is the radon concentration
(Bg/m3), E is the equilibrium factor between radon and its progeny (0.4 indoor and 0.6 for
outdoor), F is the occupancy factor (0.8 for indoor and 0.2 for outdoor), T is the time in hours
per year (8,760 h); D is the dose conversion factor (9 x 106 mSv/Bq hr/m3). Similarly, the
excess lifetime cancer risk, ELCR, due to radon and its progeny was calculated using
equation 3.9 (EPA, 2003)
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ELCR = Ep X LE X Fp (3.9)

where, LE is the average lifetime expectancy (70 years) and Fy is the risk coefficient for the
exposure to radon in equilibrium with its progeny and is equals to 5 x 10 per WLM (ICRP,
2009).

3.5 Determination of toxic heavy metals in soil
3.5.1 Sample collection and pre-treatment

A total of 50 triplicate surface soil samples were obtained from the same point where
the bucket dust monitors were deployed in the two towns of Karibib and Arandis. The mass
of each surface soil sample collected was 200 g. Each area where the soil sample was
collected was marked with geographical information system (GPS) which was used for
identification of that area using google map. Triplicate samples were collected from each site
and these were thoroughly mixed to yield a true representative. The representative sample
was sieved through a mesh size of 1 mm and placed into pre-labelled, sterile disposable
plastic bag. It has been reported that a mesh size of 1 mm is enough to contain most of the
heavy metals (Ward et al., 2004). The samples were taken to the laboratory where they were
dried in the oven at 100 °C to drive out all the moisture. The samples were later transported
to North West University, Potchefstroom Campus for further processing and analysis using
ICP- MS.

3.5.2 Microwave digestion for heavy metals in soil samples

For extraction of heavy metals from soil and dust samples, microwave digestion
method was used. About 1 g of the sample was measured. A mixture of mixed HNO3s and
HCl was added to the sample in the ratio of 1: 3 respectively. A further 1 g of H202 was added
to sample as a catalyst and the mixture was digested in a microwave at 120 °C for 45 minutes.
After digestion, the mixture was cooled and then transferred into a 100 ml volumetric flask. 2
% of HNO3s was added and the solution was made up to the 100 ml mark using deionised
water. The solution was allowed to stand over night after which it was filtered using

Whatmann-40 filter paper and it was ready for ICP-MS analysis.
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3.5.3 Detection of heavy metals

The ICP-MS is a destructive method in which the digested sample is decomposed into
atomic constituents followed by ionisation in an argon plasma at elevated temperature of
between 6000-8000 K (Perkin Elmer, 2004-2011). The positively charged ions are
accelerated from the plasma through a vacuum of mass spectrometer where they are
separated by mass filter before being measured by an ion detector. The resident time of each
sample is 60 seconds and each sample is run twice (USEPA, 2007). The TotalQuant method
was used with a standard solution to improve the accuracy of the results and to be able to
detect contamination and drift. Calibration of the method was achieved using 200 ug/l of
solutions of Al, Pb, Cr, Cd, Ce, Cu, Co, Mg, Ni, Mn, Li, U and Zn. For quality control, two
blanks were included with each standard sample. The calibration process updates internal
response data that correlates measured ion intensities to the concentrations of the element
in the solutions. The samples were analysed for levels of lead (Pb), arsenic (As), mercury
(Hg), cadmium (Cd), chromium (Cr), cobalt (Co), nickel (Ni), copper (Cu) and zinc (Zn). Data
generated from ICP-MS was in mg/L, which was then converted to mg/kg using the equation
3.10 (Temminghoff & Houba, 2004)

. . m A-B
Final concentration (—g) = —
kg Wx10~3

XV (3.10)
where, A is the concentration of a heavy metal in the sample (mg/L); B is the concentration
of the heavy metal in the blank (mg/L); V is the total volume of the digest (ml) and W is the
sample weight (kg).

3.5.4 Contamination status of soil by heavy metals

The concentrations of the analysed heavy metals were subjected to various pollution
indexes to determine the level of contamination in the studied area. These pollution indexes
include contamination factor index (Cr), pollution load index (PI) and integrated pollution

index (IP1) which are explained in the proceeding subtopics.

Contamination factor index (Cr) and degree of contamination (Cdeg).
A modified four classes of contamination factor index (Cr) and degree of contamination
(Cdeg) suggested by Hakanson (1980) was used evaluate the levels of contamination by the

analysed heavy metals (Banu et al., 2013). Contamination factor was determined to
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determine the extent of anthropogenic pollution and accumulation of heavy metals in the soll
and PM samples. Contamination factor is the single index which is defined by relation shown
in equation 3.11 (Hakanson, 1980).

Cm—1

Cp= L (3.11)

Bm
where, C,,is the mean content of the metal and B,, is the concentration of World average
shale value for an individual metal. Similarly, the degree of contamination ( C,.) is defined
as the sum of contamination for all the elements. The degree of contamination by the nine
heavy metals in the radioactive dust was determined as shown in equation 3.12 (Hakanson,

1980).
Cdeg = Z?=1 Cr (3.12)

The categories of contamination factors and the degree of contamination are shown are
shown in Table 3.2 (Hakanson, 1980).

Table 3.2 Categories of contamination factors and degree of contamination

Class CF Category Cdeg value Category of contamination
Class 1 <1 low <9 low

Class 2 1>CF<3 Moderate 9<Cdeg<18 Moderate

Class 3 3>CF<6 Considerable 18<Cdeg<36 Considerable

Class 4 6> Very high >36 Very High

Pollution load index (PLI)

The pollution load Index (PLI) is used to evaluate the level of pollution in the environment.
The PLI is expressed as a concentration factor (CF) which is a quotient obtained by dividing
the concentrations of each metal by its background concentration. In any given place, the
PLI is calculated by obtaining the nth root from the nth- CF that were obtained for all the
metals. This method was proposed by Tomlinson et al., (1980) and is shown by equation
3.13

PLI = 1/CF; X CF, X CF5 - CF,, (3.13)
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where, CF is the contamination factor, n is the number of metals, C,,.:q; IS the metal in

polluted sample, Cyqckgrouna IS the background value of that metal. If the PLI is > 1, it means

the soil is polluted, otherwise < 1 is unpolluted.

Enrichment ratio (ER)
The factor analysis is a method used to assess trace element concentration proposed by
Simex and Helz (1981), and the its mathematically expressed by equation 3.14.

(X/Fe)Sample
(X/Fe)Background

Enrichment ratio (ER) = (3.14)

where, X/Fe is ratio of the element of interest (X) to iron (Fe) used as a reference element in
this study because it is stable and its concentrations cannot be anthropogenically altered.
i.e. it has a controlling effect on the distribution of heavy metals (Rath, 2005). The background
value is world surface rock average given by Martin and Maybeck (1979). The numerical
values for enrichment factors which indicate different pollution levels as proposed by
Sutherland et al, 2000 are shown in Table 3.3

Table 3.3 Numerical values for enrichment factors which represents different pollution

levels
EF value Soil or dust gquality
<2 Deficiency to minimum enrichment
2<EF<5 Moderate enrichment
5<EF<20 Significant enrichment
20<EF <40 Very high enrichment
EF > 40 Extremely high enrichment

Geoaccumulation index (Igeo)
The Geoaccumulation Index (Igeo) was originally proposed by Muller (1979) for metal
concentrations in the 2-micron fraction and was based on the world shale values and is

mathematically as expressed by equation 3.15.
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Igeo = log, (1.5C*n13n) (3.15)
where, Cn is the measured concentration of the element in the soil or dust, Bn is the
geochemical background value and the constant 1.5 allows the analysis of natural
fluctuations in environmental samples and detect minute changes due to anthropogenic
influence. Muller defined seven descriptive classes based on increasing lgeo values form the
least polluted to the extremely contaminated i.e. Class 0 (Igeo = 0, unpolluted) to the highest

Class 6 (Igeo = 6, most polluted). The Indices are illustrated on Table 3.4.

Table 3.4 Geoaccumulation index (Igeo)

Class Value Soil or dust quality

0 lgeo <0 Uncontaminated

1 O<lgeo<1 Uncontaminated to moderate contaminated
2 l1<lgeo<?2 Moderately contaminated

3 2<lgeo<3 Moderately to Heavily contaminated

4 3<ligeo<4 Heavily contaminated

5 4<lgeo<5 Heavily to extremely contaminated

6 lgeo =5 Extremely contaminated

3.6 Assessment of particulate matter (PM)

3.6.1 Sample preparation for SEM/EDX

To obtain an image of PM microstructure and identify the elements present in its
composition, a scanning electron microscope with energy dispersive X-ray capabilities was
used. The sample was prepared by carefully selecting and cutting a fair area of not more than
12 x 12 mm size from the dried particulate matter (PM) adsorbed on the filter paper. The
piece of the selected area was handled with a tweezer to avoid contamination. A conductive
graphite coating was applied to a carbon stud using a brush. This was followed by selecting
a PM flake on the painted stud which was allowed to stand to dry for a short period of time.
After air drying, the samples were placed in the available spaces on the equipment for further
coating and the desired thickness was established on the machine. The machine was run

until coating was complete and the sample was removed from the sputter coater and placed
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into a petri dish for easy transportation to the SEM equipment where it was analysed for

morphology and elemental composition.

3.6.2 Gravitational analysis of PM samples

The collected insoluble particulate matter (PM) samples were analysed in the
laboratory following the method given by Lodge (1988). The PM samples in each bucket was
filtered out (onto 125 ashes less filter) using a Buchner funnel connected to the diaphragm
vacuum pump and the insoluble residue was dried before weighing. Subsequently, the filter
paper was dried in an oven at 110 °C for 2 hours and afterward kept in a desiccator prior
being weighed. The PM concentration was quantified using equation 3.16 which is based on
the weight differences of the filter papers, the area of the PM container opening mouth (m?)

and period of exposure i.e. number of days (1 month) (Alahmr et al., 2012).

We—Wj

D (mg/m2/day) = "2

(3.16)
where; D is the particulate matter fallout rate, W; is the weight of a filter paper without the
sample (g), W is the weight of the dry insoluble PM sample and the filter paper (mg), A is

the area of the container opening mouth (m?), and T is the period of sampling (days).

3.6.3 The scanning electron microscopy (SEM)/ energy dispersion X-ray (EDX)

The scanning electron microscopy (SEM) is often attached to energy dispersive x-ray
systems (EDX) are to give SEM/EDX. The SEM is an instrument used for observing and
analysis of the surface microstructure of a bulk sample using a finely focused beam of
electrons. The electron-matter beam generates a variety of signals that carry different
information such backscattered electrons which produces images with contrast, and this is
dependent on the atomic number of the element, secondary electrons which gives
topographic information and the X-rays is important for identification of the element and
measure the composition of the material. A schematic diagram the electron-matter interaction
is shown in Figure 3.6. The generation of X-rays in SEM begins by bombarding a sample with
an electron beam resulting in the electrons being either being excited to a higher energy level

or being ejected from the atoms on the specimen surface. If such transition occurs, this results
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Figure 3.6 Illustration of the electron-matter interaction depicting different products
(Krinsley, 1998)
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Figure 3.7: An illustration of the scanning electron microscope coupled to energy

Dispersive X-ray (Krinsley, 1998)
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in the formation of electron hole which is filled by an electron from a higher shell, and a
characteristic X-ray is emitted to balance the energy difference between the two electrons.
The EDX measures the number of emitted rays versus their energy. The energy of X-ray
depends on the atomic number which is a unique proper of every element i.e. characteristic
of that element from which the X-ray was emitted.

The EDX-rays is a fingerprint of each element and is often used as a qualitative
elemental analysis simply to determine which elements are present and their relative
abundance. Figure 3.7 shows a schematic diagram of the scanning electron microscope
energy dispersion X-rays. The output from the EDX is a spectrum which is a plot to show
how frequently an x ray is received for each energy level.

3.6.4 Morphological analysis of PM

The characterisation of particle morphology and composition was carried using a Scanning
Electron Microscope equipped with an Energy Dispersive X-ray Spectrometer. For SEM
analysis, an accelerating voltage of 5kV and a working distance of 22 mm were used. The X-
ray microanalysis signal was optimised by using a specimen tilting angle of 40 ©. Portions of
filter (about 25 mm?) were attached to aluminium stubs (diameter 12 mm) using carbon sticky
tabs and subsequently carbon coated. SEM images were obtained using both secondary
(SE) and back-scattered electrons. To provide representative results and minimise bias in
the analysis, three randomly selected fields for each filter were examined. Manual SEM
particle examinations were carried out at magnification up to 30 000 and secondary electron
images were acquired, and these were later analysed with Image J software. Agglomerates
with different chemical composition present in PM samples were examined in different parts.
The results for the photomicrographs of individual particles and EDX data were collected for
particle classification and morphological characterisation. Chemical elemental analysis was

performed for crustal and toxic metals.

3.6.5 Respiratory deposition of PM (inhalability and deposition of PM)

Particulate matter is ubiquitously present in the ambient air and their unique
physicochemical characteristics may pose a potential health risk. Accurate lung dose
information is essential to assess the potential health risk from these particles. The potential
exposure to PM patrticles in large concentrations is possible near the source of generation
e.g. near highways or closer to a mining setting. Various studies have demonstrated that fine

PM particles causes adverse health effects in animal and in vitro studies and this varies with
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the particle size (Li et al., 2003; Oberdorrster et al., 1992). While there is abundant
epidemiological evidence linking PM with decrease in lung function (Peters et al., 1997,
Wichmann and Peters, 2000), the specific mechanism by which PM cause adverse health
effects in human subjects still remain an enigma (Utell and Frampton, 2000). Respiratory
deposition of PM in our lungs is necessary to evaluate their toxicity. In this study, the inhalable
fraction (IF), which relates to the efficiency of the particle entry into the nose and mouth as
well as the total deposition fraction (DF) in the respiratory system was evaluated by equation
3.17, 3.18 and 3.20. The meteorological data was obtained by taking the average wind speed

at each sampling site (https://www.worldweatheronline.com/karibib-weather

averages/erongo/na.aspx).

The inhalability data was evaluated in terms of inhalable fraction (IF) (d,) according

to the equation 3.17
IF(d,) = 0.5 (1 + exp(—0.06(d,)) forUy < 4m/s (3.17)

where, d, is the aerodynamic diameter in um. For ambient air velocity U, greater than 4 m/s,

the inhalable fraction (IF), is given by equation 3.18 (Vincent et al, 1990).
IF(dy,Uy) = 0.5 (1 + exp(—0.06(d,)) + 10750275 exp(0.055d,)) (3.18)

while the nasal inhalability (IFy) can be approximated according equation 3.19 (Hinds et al,
1999)

IFy(d,) = 0.035 + 0.965exp (—0.0003Ud274)) (3.19)

Some computer programs and equations have been developed to make calculations with
International Commission on Radiological Protection (ICRP) model easier and one such
equation was developed by Hinds (1998). The equation accounts for the total deposition (DF),
which is the sum of the regional depositions in the respiratory system and this is illustrated in
equation 3.20.

(3.20)

DF = IF (0.0587 + 0911 0943 )

+
1+exp (4.77+1.485Indp) ~ 1+exp (0.503+2.5Indp)

where, d,, is the particle size in um, and IF is the inhalable fraction.
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3.7 External radiological risk assessment due to NORM
3.7.1 Dosimetry quantities
Exposure
Exposure can be defined as the amount of ionization that X- or gamma radiation
produces in air and this is limited to only 3 MeV. Traditionally, the unit of measurement is the
Roentgen (R). This unit account for 1 esu of electrical charge of either sign in 1 cm? or
0.001293 g of air at standard temperature and pressure (Turner, 2007; Lilley, 2001). Since 1

esu = 3.34 x 10-10 Coulomb (C), the exposure unit can be expressed Sl system:

esu  3.34x10710C
IR=1—= -
cm® 1298 x 10—679

C
=258x10"*—
kg

Absorbed dose (D)

The major drawback of using exposure in radiation protection is that it is applicable
to photons in air but not any all types of radiation or energy deposition in tissue. However,
the concept of absorbed dose may be applied to any type of radiation and any absorbing
material. The absorbed dose (D) represents the quantity of energy deposited per unit mass

and this can be defined by the relationship in 3.21.

p=2% (3.21)

Am
where; A¢ is the mean energy imparted by ionising radiation to matter within a given volume
element (MeV) and Am is the mass of matter within the volume element (kg). Traditionally,
the absorbed dose unit was the “rad” =100 ergs/g). The Sl equivalent is the gray (Gy), which
is defined as 1 joule of energy deposited per kilogram of medium (Lilley, 2001). It should be

noted that the change in energy per mass becomes unpredictable as the mass of the sample

becomes small.

Equivalent and effective dose
It is well documented that different types of radiation have different biological damage

in an organ and so it is imperative to consider tissue weighting factor to account for that
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variation. The equivalent dose, Hrin an organ or tissue is expressed as the sum of absorbed
dose Dt in an organ or tissue caused by different types of radiation with so called weighting
factors, Wr(Lilley, 2001) as defined by the expression 3.22.

HT = Z WR X DT,R (322)
R

The standard unit of equivalent dose is called the Sievert (Sv). The radiation weighing
factor is introduced to measure the absorbed dose for biological effectiveness of the
particles. The variation of radiation sensitivity of each organ is considered in the contribution
of the equivalent dose in all tissues and organs of the body. Table 3.5 shows the radiation
weighting for different types of radiation. The radiation weighting factors are specific to a
radiation and depend on the ionizing capacity and density of radiation types.

The new terms effective dose and the tissue weighting factor (W) are introduced.
Thus, the equivalent dose is defined as the sum of equivalent doses weighted by tissue

weighting factors for each tissue as given by the following expression.
E(Sv) = Z Wy X Hy (3.23)
T

The effective dose considers the absorbed dose to all organs; the relative harm of the
radiation and the sensitivity of each organ to radiation. Some tissue weighting factors for
tissues and organs of the human body are shown in Table 3.6.

Table 3.5 Radiation weighting factor for different types of radiation (ICRP, 1991)

Type of radiation Energy range Weighting factor, Wr
Photons, electrons, positrons and muons All energies 1

<10 KeV 5

<10 KeV to 100 KeV 100
Neutrons >100 KeV to 2 MeV 20

> 2 MeV to 20 MeV 10

> 20 MeV 5
Protons > 20 MeV 5
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Alpha particles, fission fragments, non-relativistic 20

heavy nuclei

Table 3.6 Tissue weighting factors (ICRP, 1991)

Tissue or organ Tissue weighting factors, Wr
Gonads 0.20
Colon 0.12
Lung 0.12
Red bone marrow 0.12
Stomach 0.12
Bladder 0.12
Breast 0.05
Oesophagus 0.05
Liver 0.05
Thyroid 0.05
Skin 0.01
Bone surfaces 0.01
Remainder 0.05

3.7.2 Radiation protection and dose limits

The ICRP (1999) recommended that in order to reduce and avoid unnecessary radiation
exposure, the doses must be kept as low as reasonably achievable (ALARA). Since
stochastic effects are predicted for populations and not individuals, the ICRP Publication 60
stipulated the recommended dose limits both to the workers and members of the public and
they are shown in the Table 3.7. The ICRP (1999) also made recommendations for radiation
protection based on three principles and these are: Justification, optimization and dose
limitation.

Dose limitation: individuals should be allowed to only receive exposure dose within the
recommended limits. The dose constraints for occupational exposure for annual effective
dose that the whole body is uniformly irradiated is set to 20 mSv averaged over a period of 5
years to limit the probability of non-deterministic effects and must not exceed 50 mSv in a
single year.
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Table 3.7 ICRP 60 Recommended effective dose limits (Santawamaitre, 2012)

Application Dose limit
Occupational Public
Whole body 20 mSv® per year, |1 mSv?inayear
averaged over a period of
5 yearsP
Annual equivalent dose in;
Lens of the eye 150 mSv 15 mSv
Skin 500 mSv 50 mSv
Hand and feet 500 mSv -

a8 To find the recommended limitin rem, 1 mSv = 0.1 rem

b Maximum dose in any single year do not exceed 50 mSv

Similarly, the dose limit to members of the public is set in consideration of the critical
group of the population which is the foetus and is 1 mSv per year. The reason is the children
are the most vulnerable group of the population and hence the dose contracting has to be
set at 1 mSv per year. The occupational equivalent dose limit due to deterministic effects of
500, 500 and 150 mSv per year were recommended for hands and feet, skin and lens of the
eye respectively. The annual equivalent doses for members of the public are limited to 15
mSv for the lens of the eye and 50 mSv for the skin (Cember and Johnson, 2009; Martin etal.,
2012). Since the irradiation of the body is not uniform, a term known as tissue weighting
factors as shown in Table 3.4 for various organism was introduced to determine the
detrimental effects that contribute to each individual organ due to differences in radiation

sensitivities.
3.7.3 Assessment of absorbed dose (D)

The mean activity concentrations of 238U, 232Th and “°K are converted into dose rate
by applying factor 0.462, 0.604 and 0.0417 for radium, thorium and potassium respectively

(Beretka & Matthew, 1985) as illustrated in equation 3.24

D = (0.462Cy + 0.604Cyy, + 0.0417Cx)nGy/h (3.24)
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where, D is the absorbed dose rate in the outdoor air at 1.0 m above the ground (nGyh), Cy,
Crn, and C are the activity concentrations of 238U, 23°Th and “°K of soil samples in Bg.kg™?
respectively. Since absorbed dose is limited dose in the air and the dose received by the
adult members of the public is taken into consideration and another term known as the annual

effective dose equivalent is introduced (AEDE).

3.7.4 The annual effective dose equivalent (AEDE)

The annual effective dose equivalent (AEDE) received by a member of the public is
calculated from the absorbed dose rate by applying dose conversion factor of 0.7 Sv.Gy! and
the outdoor occupancy factor 0.2 and an indoor occupancy factor of 0.8. It follows that the
total annual effective dose (D;,:t) is the sum of effective indoor dose (D;,) and effective
outdoor dose (D,,,;) and this illustrated by equations 3.25, 3.26 and 3.27 (Veiga et al., 2006).

Dout (mSV/y) =DgrXDCF X F; X T (3.25)
Dip (mSV/y) =Dr XDCF X F, X T (3.26)
Diot (mSV/Y) = Dout + Din (3-27)

where, D, denotes the absorbed dose rate, F;, the external outdoor occupancy factor 0.2, ,
F,, the indoor occupancy factor 0.8. D,,; , the effective out dose, and D, the effective indoor
dose, and T is the time which is equivalent to 8760 hours per year and DCF is the dose

conversion factor of 0.7 Sv.Gyh.

3.7.5 Radiation indices measurements
The measured activity concentrations of 22U (??°Ra), 23°Th and “°K were used to

calculate radiation parameters and these are radium equivalent ( Ragy), annual effective dose

and excess lifetime cancer risk.

Radium equivalent ( Ragq)
Radium equivalent (Ra.q) activity is used to assess the radiation hazards associated

with materials containing 2?°Ra, 2%Th and “°K in Bg.kg? (UNSCEAR, 1982). It is well
documented that these radionuclides emit gamma doses in differing amount of activities even

when they are of the same amount in any material. The radium equivalent (Ra,,) is calculated

on the assumption that 370 Bg kg™ of 2?°Ra or 259 Bq kg of 232Th or 4810 Bq kg of 4°K
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produce the same gamma dose rate (Flores, Estrada, Suarez, Zerquera, & Pérez, 2008). The
Raeq of the sample in Bq kg was achieved using equation 3.28 (lbrahiem, 1999).

ARa . A A
Raeq = (22 + 21 + 25 x 370 (3.28)
where, Agr,, A, and Ag are the activity concentrations of 2?6Ra, 232Th and 4°K respectively.

The radium equivalent is the most important reference standard for regulating safety standard
on radiation protection for the public (Marr, 2012).

Hazard indices (H¢x and Hj,)

When radioactive materials decay, they produce either external radiation or internal
radiation which results in the exposure of human being. The two indices that represent
external and internal radiation hazards, are represented mathematically by equations 3.29
and 3.30 (Taskin, 2009).

— Au , At Ak
Hex = 370 + 259 + 4810 =1 (3.29)
Hy, = 2U 4 21 Ak g (3.30)

T 185 259 @ 4810

where, Ay, A, and Ag are the radioactivity concentrations of 226Ra, 232Th and “°K in Bq kg
of soil samples respectively. The value of this index must be less than unity for the radiation

hazard to be neglible and this value corresponds to upper limit of Ra., of 370 Bqg.kg™

(Marr, 2012).

3.7.5 Excess lifetime cancer risk (ELCR)

This represent the chance of developing cancer over a lifetime at any given exposure
level due to radiation. It is presented as a value representing the number of extra cancers
expected in a population exposed to a carcinogen at a given dose, and this can be calculated
by considering the life expectancy of a human being to be 70 years (Taskin, 2009) and is

shown by equation 3.31.

ELCR = AEDE X DL X RF (3.31)
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where, AEDE = the annual effective Dose Equivalent, DL = the average duration of human
life (estimated to be 70 years) and RF = the risk factor (Sv1), fatal cancer risk per sievert. For
stochastic effects, which produce low background radiation, the ICRP 60 stipulates a value
of 0.05 for the public exposure (Taskin, 2009).

3.8 Toxicological risk due toxic heavy metals
3.8.1 Risk assessment of toxic heavy metals

Human health risk assessment is used to determine the probability  of
non-carcinogenic and carcinogenic exposure after an incidental chemical exposure, and this
usually follows a stratified demographic transition ranging from the most toxic and chemically
sensitive group of the population-children to the less sensitive- adults. Exposure of human to
heavy metals in urban soil is through three pathways: inhalation of resuspended atmospheric
aerosols, dermal contact with the soil and ingestion through food or soil (Luo et al., 2012).
The average daily intake (ADI) mg/kg-day for different pathways was calculated using
equations 3.32, 3.33 and 3.34 described by USEPA (1989).

Ingestion of toxic heavy metals through soil

CxIRjngXEF XED

ADIingest = BWxAT

x CF (3.32)
where, ADIl;ng.sr Mg/kg-day) is the average daily intake of heavy metal ingested from soil, C
is the concentration of heavy metal in mg/kg for soil. IR;,, (Mmg/day is the ingestion rate of soil

(mg/kg), EF is the exposure frequency (days/year), ED is the exposure duration (years), BW
is the average body weight (kg), AT is the averaging time of the dose (days) and CF is the

conversion factor (1 x 10°¢ kg/mg).

Inhalation of heavy metal via soil particulates

CsoilXIRinhXEF XED

ADI: =
inhale PPEFXBWXAT

(3.33)

where, ADI;hare IS the average daily intake of heavy metal inhaled from soil (mg/kg-day), Csei1

is the concentration of heavy metal in for soil (mg/day). IR;,; is the inhalation rate of soil
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(m3/day), EF is the exposure frequency (days/year), ED is the exposure duration (years),
PPEF is the particulate emission factor (m3/kg), BW is the average body weight (kg) and AT

is the averaging time of the dose (days).

Dermal contact of soil

_ CyoitXSA XAF 5] ABSXEF XEDXCF

ADIdermal - BW AT (334)

where, ADl4ermall iS the average daily intake of heavy metal through dermal contact from soil.
Csoi1 IS the concentration of heavy metal in soil (mg/kg), SA is the surface area of the skin that
contacts the soil (cm?), AF is the skin adherence factor for soil (mg/cm?), ABS is the
absorption factor (chemical specific), EF is the exposure frequency (days/year), ED is the
duration of exposure (years), CF is the conversion factor (1 x 10® mg/kg), BW is the average
body weight (kg) and AT is the averaging time (days) of the dose. The detailed description of
exposure factors for children and adults used for the equation 3.32, 3.33 and 3.34 are given
in Table 3.8 and Table 3.9.

3.8.2 Non- carcinogenic assessment of toxic heavy metals
The cumulative non-carcinogenic risk of heavy metals for members of the public are

calculated based on the reference doses (RfD) and average daily intake for different samples.
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Table 3.8 Values of exposure factors for heavy metals doses for children and adults

Factor Description Unit Value References
Children Adults

C Concentration of metal mg/kg Present study
BW Body Weight kg 15 70 (DEA, 2010; USEPA, 2001)
EF Exposure frequency daysl/year 350 350 (Peng et al., 2011)
ED Exposure duration years 6 30 (USEPA, 2002; DEA, 2010)
IRing Ingestion rate of soill mg/day 200 100 (ESAG, 2009; DEA, 2010)
IRinh Inhalation rate of PM m3/day 7.63 12.8 (Lietal, 2011, USEPA, 2002)
SA Skin surface area cm? 1600 4350 (Zheng et al., 2010)
AF Skin adherence factor mg/cm? 0.2 0.7 (Man et al., 2010)
FE Dermal exposure ratio(soil) unitless 0.001 0.001 (Wei et al., 2015)
PEF Particulate emission (soil) m3/kg 1.36 x10° 1.36 x10°  (USEPA, 2002; DEA, 2010)
AT Average Time days

For carcinogens 365 x ED 365x70 (DEA, 2010)

For non-carcinogens 365 x ED 365 x ED (DEA, 2010)
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Table 3.9 Reference doses (RfD) in mg/kg-day) and cancer slope factors (CSF) for the different heavy metals (Luo et, 2012;
USEPA, 2002; DEA, 2010; USEPA, 2011a; USEPA, 1991; Ali et al, 2017; USEPA, 2001; USEPA, 1993; USEPA,
2010)
Risk Heavy Metal
Fe Mn Zn Pb Cd Ni As Cr Cu
Ingestion (RfD) 8.40E+00 4.70E-02 3.00E-01 3.50E-03 1.00E-03 2.00E-02 3.00E-04 3.00E-03 4.00E-02
Inhalation (RfD) 2.20E-04 1.43E-05 3.00E-01 3.52E-04 1.00E-03 2.06E-02 3.01E-04 2.86E-05 4.02E-02

Dermal (RfD) 7.00E-02 1.84E-03 6.00E-02 5.25E-04 1.00E-05 5.40E-03 1.23E-04 5.00E-05 1.20E-04
Ingestion (CSF) - - - 4.20E+01 - - 1.50E+00 4.10E-02 -
Inhalation (CSF) - - - 4.20E-02 6.30E+00 - 1.51E-01 4.20E-01 -
Dermal (CSF) - - - - - - 1.50E+00 - -

and these are expressed in terms of hazard quotient (HQ) and hazard Index (HI) for the different pathways (inhalation, contact and

ingestion).

Hazard quotient (HQ)
Hazard quotient (HQ) is the fraction of the probable exposure to an element/ chemical level at which no negative impacts are
expected. When the HQ is less than one, this means that no potential health risk are expected but when the value is more than one,

it signifies that there are potential health risks due to exposure (Bermudez et al., 2011)
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Hazard index (HI)

The cumulative non-carcinogenic risk, known as the hazard index (HI) is an important
index that assesses the overall likely impacts that can be posed by exposure to more than
one contaminant and is equal to the sum of hazard quotient (HQ) and this is illustrated by the

equation 3.35.
HI = 15=1 HQ = HQing + HQipn + HQgdermal (3.35)

If the value of HI is more than 1, this suggest that there is significant health risk that can
results from consuming pollutants in the soil or foodstuffs (USEPA, 2002). However, if HI is
less than one, it is believed that there is no significant risk of non-carcinogenic effects.

HQ is calculated as fraction of determined dose to the reference dose as illustrated in

equation 3.36:

HQ for non — carcinogenic risk = % (3.36)
f

where, ADI is the average foodstuff intake per day (mg/kg/day) and R,D is the oral reference

dose of the heavy metal (mg/kg/day) and this is conservatively limited to the tolerable
exposure through which an individual can sustain without any harmful effects during a

lifespan. R;D is an estimation of the maximum permissible risk to human population through

daily exposure by considering the sensitive group (children) during a lifetime (Ali et al., 2017).

3.8.3 Carcinogenic risk assessment of heavy metals

The carcinogenic risk represents the incremental probability of an individual
developing cancer over a lifetime as a result of total exposure to the potential carcinogen and
is mathematically expressed by the lifetime cancer risk equation 3.38.

Risk = ADI x CSF (3.38)

where, “Risk” is a chance of an individual developing cancer over a lifetime and it is unitless,

ADI is the average daily intake, or the dose and CSF is the cancer slope factor expressed as
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(mg.kg/day). By extrapolating the cancer slope factor, the estimated daily intake of heavy
metals. averaged over lifetime of exposure is converted directly to incremental risk of an
individual developing cancer (USEPA, 1989). The total lifetime cancer risk (LCR) for an
individual is expressed as the sum of the average contribution of individual heavy metal in

the different matrix for all the pathways by applying equation 3.39.

RiSk(total) = RiSk(ing) + RiSk(inh) + RiSk(dermal) (339)

where, Risk (ing), Risk(inn) and Riskgermary are risk contributions through different matrix i.e.

soil, dust, water. Similarly, if the number of heavy metals are increased to n, for a given

pathway, then the equation can be expressed as:

RiSk(pathway) = Zﬂzl ADIkCSFk (340)
where, ADI, and CSF, are the ADI and CSF for the k" heavy metal. It should be noted that in
this study, the assessment of health risk due to heavy metals exposure, the default reference

values doses (RfD) for non-carcinogenic risk assessment and the cancer slope factor (CSF)

for carcinogenic is given in Table 3.9.
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CHAPTER 4 : RESULTS AND DISCUSSION

4.1 Introduction

This chapter presents and discusses the distribution of radionuclides and toxic heavy metals
in PM and soil in the area under study. Furthermore, the morphological characteristic of
particulate matter (PM) and the relationship between particle size and its respiratory
deposition were explored. Finally, radiological and toxicological health risk due to exposure
to toxic heavy metals and radionuclides were evaluated to determine the potential health risk
posed to the inhabitants of these two towns. The results from this study was compared with

studies conducted in other countries and the worldwide values.

4.1.2 Radioactivity in PM and soil in the Erongo region

4.1.2.1 Radioactivity in particulate matter (PM)

The activity concentrations (Bq.kg™) of 22°Ra, 238U, 232Th, 4°K and ?°Pb in PM samples
collected in the residential areas in the town of Karibib and Arandis was measured by a y —
ray spectrometer and the results are presented in Figure 4.1. Detailed information about the
distribution of radionuclides in the study area are given in Appendix A. As can be seen in
Figure 4.1, the activity concentrations of 2°Ra, 238U, 232Th, 4°K and ?'°Pb in the study area
vary from 39.92+0.40 to 177.39+2.21 Bq.kg?, 19.00+0.73, to 107.91+10.78 Bq.kg?,
24.22+0.24 10 143.48+ 3.96 Bg.kg* 304.00+3.69 to 1100.00+49.56 Bg.kg* and 10.38+1.19
to 120.00+20.64 Bg.kg! with mean of 81.24+1.00 Bqg.kg?, 57.99+2.61, 72.10+1.67,
682.00+19.81 and 55.10+6.14 Bg.kg?, respectively. The mean activity concentrations
values obtained were twice higher than the worldwide values of 33, 45 and 412 Bqg/kg for
238, 232Th and “°K respectively. The observed results are comparable with earlier reports
conducted in soil within the sample locale and elsewhere (Ademola et al., 2014; Onjefu et al.,
2016). The highest activity concentrations of 238U, 226Ra and 21°Pb was found in the town of
Arandis at site APM15 (107.91+10.78 Bq.kgt), APM13 (177.39+2.21 Bq.kg') and APM24
(120.004+20.64 Bqg.kg™! ), respectively. These sites are closer to Rossing uranium mine and
high PM containing these NORM is generated from the mining activities and discharged into
the nearby communities. The sites are also located in the downwind direction. High activity
concentrations of 238U can be also be attributed to the presence of uranium bearing ores

which is common in the area while elevated levels of ?°Ra is due to its geochemical
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speciation in the environment. However, the concentration of potassium is always high in
environmental samples due to its isotopic natural abundance in the environment. Similarly,
high activity concentrations of 23?Th and 4°K was found in the town of Karibib at site KPM9
(143.48+ 3.96 Bqg.kg') and KPM4 (1100.00+49.56 Bg.kg™') and these sites are located in
the proximity to a small-scale granite quarry mine which generate excess insoluble particulate
matter from blasting and crushing of granite rocks. Granite are known to contain elevated
levels of radionuclides which are inherently present during its formation.

Previous studies have shown that radioactivity is related to grain size. i.e. soill
radioactivity is inversely proportional to sand content and directly proportional to clay content
Several authors have reported that radioactivity concentrations in different soil aggregates is
inversely proportional to the average grain size, sand and clay content (Santawamaitre et al.,
2011; Hebinck et al., 2007). This proposition was asserted by Narayana & Rajashekara, 2010
who argued that radionuclides within the grain structure and grain boundaries can be more
adsorbed in the fine grain than in the coarse grain. Furthermore, the activity concentrations
for 238U and 232Th is also affected by the amount of clay and sand (Narayana & Rajashekara,
2010; Radhakrishna et al., 1993). A closer look at the radioactivity in PM and soils sample
collected from the same sites revealed that the 238U and 23°Th activity concentrations in PM
was higher than the corresponding soil samples in most sites. The increase in activity
concentrations in PM may be attributed to the grain size, fraction of sand and clay content
and the contribution of mining activities which releases some radioactive fine particulate

matter into the surrounding communities
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Figure 4.1 The distribution of NORM in PM from the study area
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4.1.2.2 Radioactivity in soil

The measured NORM concentrations in soil from the study area are presented in
Figure 4.2. Detailed information about activity concentrations are illustrated in the appendix.
The data in Figure 4.2 shows the radioactivity concentrations of ?°Ra, 23U, 232Th, 4°K and
210pp were found to be 66.41+1.77 Bg.kg! 52.79+3.43 Bq.kg?', 71.30+2.44 Bq.kg?
780.96+18.26 Bg.kgtand 71.50+5.99 Bg.kg™ respectively. Although pure 238U and 232Th are
classified as radiotoxic, their contribution to the doses is so low due to their long half-lives.
The main radiological concern emanating from these radionuclides comes from doses
associated with their daughter products. For example, in 238U, the key contribution comes
from 2?°Ra and its decay products which are ?1°Pb and 219Po while in 232Th, it comes from the
decay products of 2*?Pb and ?'Bi. The obtained average activity concentration of 22°Ra, 238U,
232Th and 4°K in the collected soil samples from the study area were twice the world wide
average values and some parts of Africa which are 33, 32, 45 and 500 Bq.kg respectively
(Sahin and Cavas, 2008; UNSCEAR, 2008). The mean activity concentrations of 21°Pb was
higher than the mean activity concentrations of 2°Ra in the measured samples and this can
be partly explained in terms of geochemical speciation of Pb and partly due to the chemical
behaviour of ??°Ra. It is believed that atmospheric deposition of Pb produced by decay of
222Rn and becomes aerosol occurs through wet and dry deposition and as such higher
concentrations of lead Pb remain locked up in the particulate matter (Kariuki, 2018). Another
reason may be pointed out to the leaching of Pb by rainwater through ??°Ra since ??°Ra is
water labile and this may result in enrichment of the parent material with 2°Pb relative to
226Ra in the soil. Pb may eventually decays to ?1°Po and these two can attain secular
equilibrium (Sheppard et al., 2008).

It can be observed that sample KS16 and KS5 have a higher activity concentration of
108.20+12.73 Bq.kg™* and 157.845.20 Bg.kg™? for 238U and 232Th respectively. This can be
attributed to the fact that these sites are in the vicinity of a granite milling plant. Granite rocks
are known to have high concentrations of uranium and thorium (AlausaShamsideen, 2014;
Yang et al., 2005). Some ores of uranium and thorium were slowly in cooperated into the
structure of the rocks during crystallization. The soil samples have a higher concentration of
potassium-40 with an average value of 1058.00+42.00Bg.kg™? and this is may be due to

geological underlying rocks which are mainly composed of metasedimentary and
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Figure 4.2 Activity concentrations of NORM in soil from the two towns of Arandis and Karibib
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metavolcanics rocks with metamophosed equivalent of fluviates quartzites, limestones,
marls, turbidites and shales (Brandit, 1987; Groves et al., 1990).

The long-term exposure to uranium and thorium decay series, through inhalation pathway
has been linked to adverse health effects such as chronic lung diseases, acute leucopoenia,
anaemia and necrosis of the mouth (ASTD, 1990). Exposure to radium has been found to
cause bone, cranial and nasal tumours while exposure to thorium can cause respiratory and
kidney cancer (ATSDR, 1992). It is therefore imperative that the gamma dose rate and activity
concentrations should be monitored particularly in areas that are rich in uranium and thorium.

A comparison of the activity concentrations in the town of Arandis and the town of
Karibib shows that the activity concentrations in Arandis are higher than in Karibib which
implies that there are higher chances of cancer developing cancer due to radiation exposure
from primordial radionuclides in this town. The high values of activity concentrations can be
attributed to the uranium bearing ores that are found in the Erongo region. In addition, Arandis
is dormitory town of Réssing uranium mine (RUM), the world fourth largest producer of
uranium and it is only 10 km away from the mine. Anthropogenic activities such as mineral
mining and processing may lead to the emission of particulate matter containing radioactive
dust which can be blown away to the nearby community leading to an increase in natural
radioactivity (Friedrich, 2009). The transport of radionuclides in the environment is governed
by the chemical behaviour and its physicochemical characteristics. For example, uranium is
water labile and can easily dissolve in water, where it can be attached to clay minerals and
transported as particulate matter while thorium does not dissolve easily.

It is a common practice that in the measurement of radionuclides in the natural decay
series, the activity of a parent radionuclide is often estimated from its daughters and vice
versa (El-Daoushy & Hernandez, 2002; Huy & Luyen, 2004) and this is based on the
assumption that equilibrium conditions have been reached i.e. the activity concentrations of
the parent and the progeny are equal in secular equilibrium and this was confirmed by
determining the activity ratios of the progeny in each series of uranium, actinium and thorium

which was found to be closer to one.
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4.1.2.3 Comparison of radioactivity in soil in the town of Karibib, Arandis and other
similar studies in the world

A comparative analysis of the distribution of radionuclides in Erongo region has shown
that the town of Arandis has a higher activity concentration for all radionuclides than the town
of Karibib. As can be deduced from the Table 4.1, activity concentrations of 238U is two times
higher while 232Th is one and half times higher in Arandis town than in Karibib town and this
difference can be attributed to the geological underlying rocks, the type of mineral exploited,
the magnitude of mining operations, prevailing climatic conditions such as weather, wind
speed and direction relative to the position and latitude. The geology of Karibib town is
composed of metasedimentary and metavolcanics rocks which are rich in 4°K while and
Arandis town is geology is impregnated with uranium bearing ores. Most parts of the bedrock
in Erongo region is composed of granite rocks which are known to have high levels of 238U,
232Th and “°K. The results from this study are comparable to worldwide values and values
from other countries as illustrated in Table 4.1.

Radioactivity concentrations may differ from place to place due to difference in
geochemical processes such as weathering (Verdoya et al, 2001). It is well documented that
the concentration ratios of radionuclides in the environment is maintained at a steady state
but any variation from the norm may be an indication of enrichment or depletion. The
presence of uranium and thorium bearing minerals in the soils have led to an increase in
natural background in some locale. The higher thorium content observed in this study can be
as a result of the present of monazite sand soils deposits and these results are comparable
to the Brazilian Guarapari locale (Aya ,2016) which experience higher background radiation.
The results of this study are compared with the reported values of other locations conducted
worldwide as shown in Table 4.4. While it is documented that some parts of the world such
as Yangiang in China, Kerala and Madras in India, Ramsar in Iran are known to experience
high background radiation (Lauria et al., 2002; Wang et al.,1990; Das et al,, 2009; Sohrabi et
al., 2013), it should be noted that there is no data to link this background radiation with cancer
incidence in those locales. However, there has been an increased frequency of chromosome
distortion which is consistence with those seen in radiation workers and individuals exposed

to high levels of doses.
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Table 4.1 Comparison of the mean radionuclide concentrations (Bg.kg™) from studies conducted in other countries and

results obtained in this study

Country/Region Activity concentrations (Bg.kg™V References

238U 232Th 4OK
Amman, Jordan 56.4 28.8 501 Ahmed et al.,1997
Taiwan 54.0 324 794 Chen et al.,1993
Taiwan 30.0 44.0 431 Lin et al.,1987
Istanbul, Turkey 21.0 37.0 342 Karahn and Bayulken, 2000
Agaba-Amman 44.4 36.3 208 Al-Jundi et al., 2003
Akure, Nigeria 25.43 27.45 1015.96 Olumayede, 2016
Obajana, Nigeria 331 31.00 2189 Ajayi et al., 1999
El-Minya, Egypt 25.3 37.0 82.00 Shittu et al., 2014
Germany ND 70 1465 Ahmed et al., 2006
Arandis, Namibia 72.4 245.7 899.7 Oyedele et al., 2010
World-wide 33 45 412 UNSCEAR, 2010
Arandis, Namibia 63.28 84.77 785.82 This study
Karibib, Namibia 39.50 54.41 774.88 This study
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4.2 Indoor radon concentration in households near mining sites

4.2.1 Indoor radon concentrations in the two towns of Karibib and Arandis

Measurements of indoor radon concentrations and its progeny were made in 45
dwellings in the towns of Karibib and Arandis for a period of 3 months. These dwellings are
single floor apartments, free standing houses and semi-detached houses constructed of
concrete, sand, and cement bricks and the roofs are at a height of 2.5 -3.5 m above ground.
The results for indoor radon concentration (Crn), effective dose from inhalation of radon and
its progeny H (mSvly) are presented in Figure 4.3 and Appendix A. The range of indoor radon
concentrations varies from 71 to 98.90 to 100 Bg/m? with a mean of 88 Bg/m? which translate
to an annual effective dose of 1.79 to 2.51 mSv/year and a mean of 2.22 mSv/year.

The obtained values are lower than the ICRP (1993) radon action levels of (between
200 and 300 Bg/m?3) while the mean value is about two times higher than the world average
of 39 Bg/m3® (UNSCEAR, 2000). The variation of indoor radon concentration in different
dwellings is due to a variety of living style, seasonal variation, different ventilation conditions,
the nature and type of building materials used during construction and the difference in
radioactivity content of the soil beneath the dwelling. Figure 4.3 shows that radon
concentration in all the measured dwellings were comparable to the WHO (2000) action level
of 100 Bg/m?® and these values are 3 times lower than the action level of 300 Bg/m? prescribed
by ICRP (1993). The higher indoor radon concentrations in the dwellings could be due the
geology of the rocks beneath the surfaces which are rich in uranium bearing ores.

Previous studies of soil radioactivity in Erongo region has revealed that the area
experiences high background radiation due uranium bearing ores. Arandis town is a
dormitory town of Réssing Uranium Mine and some of the radon may be originating from
anthropogenic activities such as mining. The radon may be dispersed from the mine by wind
to the surrounding residential places leading to an increased indoor radon concentration in
those dwellings. Figure 4.3 illustrates the distribution of indoor radon in the selected
households in the two towns of Karibib and Arandis. As observed in Figure 4.3, it can be
deduced that the selected houses in Arandis have a higher randon concentrations than the
houses in Karibib and these can be linked to the difference in the underlying geology and the
type building material. The high concentration of indoor radon and its progeny can be
attributed to thoron rich building materials derived mainly from granitic and felsite rocks which

are used as a raw material for the construction of these dwellings.
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Radon can make its way through joints and cracks in buildings leading to an increase
in indoor radon concentration. It has been noted that houses built of bricks and cement have
low levels of uranium which imply that the radon concentration will be low. Furthermore, a
low indoor radon can be due to the use of cement in the construction which makes a
permanent natural barrier that prevent the easy entry of radon from underground into the
building. the indoor radon concentration in the selected dwelling is fairly constant over a large
area which imply that the underlying rock is homogenous. The radon flux density i.e. the %?°Rn
exhalation rate is stochastic and it is governed by a number of parameters such as the
radioactive decay of ?°Ra, the direction of recoil of radon in the grain, the intestinal soil
moisture condition in the vicinity of the ejected radon atom and its diffusion. in the pore atom
(Lawrence et al, 2009).

A number of authors have reported that the radon concentration in buildings obeys a
log-normal distribution (Cosma et al., 2013); Epstein et al., 2014; Celebi et al., 2014, Bollhofer
et al., 2006). If Figure 4.3 is to be extrapolated to produce a Gaussian curve, it is clear that
the radon concentration in the selected buildings do not follow a normal distribution as it has
a flat top. This lack of normal distribution from the measured data can be attributed to the fact
that the measured buildings are not the same in terms of structure, size, age and the type of
ventilation. In addition, the concentration of radon is affected by the prevailing meteorological
conditions and these include humidity, temperature and wind speed.

The results from this study are agreement with earlier report obtained by Orton Von
(2008), which confirms that some parts of Erongo region have high level of natural
background radiation. The natural background radiation in Erongo region is 2.4 mSvl/year.
The mean annual effective dose in the town of Arandis is within the world-wide value of
1.0 mSv/year (UNSCEAR, 2000), however, the value is below the recommended ICRP limit
which is 3-10 mSv/year, which implies there are low chances of cancer risk to the population
due to inhalation of radon and its progeny. Based on the results of this study, the mean
excess lifetime cancer risk is 1.56% which is substantially closer to the EPA action level of

1.43 % which corresponds to the upper boundary of 148 Bg/m? for enclosed places.

4.2.4 Comparison of mean indoor radon levels, annual effective dose and excess
lifetime cancer risk in the towns of Karibib and Arandis and other countries.

Table 4.2 illustrates the mean indoor radon concentrations, annual effective dose and
excess lifetime cancer risk reported in other countries. It can be observed that the measured

indoor radon concentrations in the selected dwellings in the towns of Arandis and Karibib are
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higher than those of the selected countries except India (132.84 Bg/m?) and Nigeria (257
Bg/m3).

Table 4.2 The comparison of mean radon concentrations (CRn), annual effective dose

(H) and Excess cancer risk (ELCR) in some parts of the world.

Place Crn Hg ELCR (%) Reference

Country (Bg/m?3) (mSvly)

India 132.84 2.27 0.18 Mehra and Badhan, 2012
India 60.57 1.15 0.89 Verma and Khan, 2013
UK 20 - - Wrixon et al., 1988
Sudan 49 1.3 1.04 EL Zain, 2014

Jordan 39 0.99 - Mahammad and Abumurad, 2008
Jordan 36.3 0.92 - Al-Khateeb et al., 2012
Nigeria 257 6.5 - Obed et al., 2012

Egypt 46 1.74 0.68 Amin, 2014

Pakistan 82 2.06 - Rafique et al., 2012
Saudi Arabia 36 0.61 0.47 Farid, 2014

Saudi Arabia 30.80 0.79 0.44 Nazaroff, 1987

Namibia (Karibib)  79.30 2.00 1.31 Present study

Namibia (Arandis) 98.90 2.39 1.56 Present study

However, the indoor radon concentrations values from the towns of Arandis and
Karibib compares well with the values from Pakistan (82 Bg/m3). Similarly, a comparison of
the indoor radon concentrations between the two towns of Arandis and Karibib shows that
the Arandis town has slightly higher indoor radon concentration and this can be attributed to
the differences in geological underlying rocks and the prevailing climatic conditions. The
annual effective dose received by the residents of the two towns of Arandis and Karibib are
less than the lower limit action level (3 -10 mSv).

The ELCR due to radon and its progeny is within acceptable limits and does not pose
any serious threats to the occupants. Consequently, the development of lung cancer due to

exposure to indoor radon and its progeny in these dwellings can be considered safe.
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4.3 External radiological risk due to NORM

4.3.1 Radiological parameters in soil
The measured activity concentrations of 228U, 2%2Th and “°K were converted into

absorbed dose (D), annual effective doses equivalent (AEDE), radium equivalent (Ra.,)

external hazard index (H,, ) and excess lifetime cancer risk (ELCR) by applying equations
3.21, 3.27, 3.28, 3.29 and 3.31 respectively and the results are shown in Figure 4.4, 4.5, 4.6
and 4.7 and 4.8. Detailed information is also given in Appendix A. The measured outdoor
terrestial dose rate from the soil samples collected in the study area varied from 65.95 to
149.94 nGyh'! with a mean of 113.44 nGy/h and 83.66 nGy for the town of Arandis and
Karibib respectively.

The obtained mean values of absorbed dose rate for both towns is about two times
higher than the world value of 59 nGyh! while the measured values for the range are
comparable to the world values (UNSCEAR, 2000) . The highest value of absorbed dose rate
(D) of 149.94 nGyh'! was found at site KS5 in Karibib town. This elevated level of absorbed
dose rate in the air is due to the activity concentrations of “°K which is abundantly present in
the area. As can be deduced from the frequency distribution curve in Figure 4.4, the highest
frequency for the absorbed dose rate is in the range of 81-90 nGyh . The mean absorbed
dose rate for all the collected samples is higher than the reported world-wide average values
of 59 nGyh* (UNSCEAR 2000; Shimboyo et al., 2016). According to Radhakrishna et al.,
(1993), the variation in the doses is partly due to activity concentrations of radionuclides which
is also dependent on the local geology and hence the soil type. It is important to estimate the
external exposure to gamma-ray radiation to establish the base line of any given locale.

The International Commission on Radiation Protection (ICRP) has set a conservative
annual effective dose equivalent (AEDE) limit of 1 mSvyr-! for members of the public. This
value was set after considering the most sensitive group of the population which is children.
The calculated AEDE in soil from the study area varies from 0.40 to 0.92 mSvyr-tand a mean
of 0.70 mSvyr?! and 0.51 mSvyr! for the town of Arandis and Karibib respectively and this is
presented in Appendix A and Figure 4.5. The mean AEDE for Arandis is slightly higher than
the AEDE for Karibib because of differences in geology and latitude.

The obtained mean values of AEDE in this study is higher than the average world

value of 0.48 mSvyrl. Figure 4.5 shows a frequency distribution of AEDE mSv/yr in soil from
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the study area. The highest frequency distribution was found in the range of 0.51-0.60 mSv/yr

and the least was found in the range of 0.61-70 mSv/yr.
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Figure 4.4 The frequency distribution of absorbed dose rate (D) in the town of Karibib

and Arandis

As can observed in Figure 4.5, in all the measured soil samples the AEDE values in
the two towns are less than the safe limit of 1 mSv/yr prescribed by International Commission
on Radiation Protection (ICRP) which implies that the soils do not pose any radiological
hazard to the inhabitants of the area.

However, it has been reported that that there is no amount of radiation doses that is
safe even low doses of radiation exposure due to terrestrial radiation sources can induce
chromosome aberrations which can culminate in cancer so reasonable precautions must be
taken to protect the public from radiation exposure (Watson et al, 2008). The results are
comparable with earlier reports by Onjefu et al., (2016), Oyedele et al.,(2010), however, they
not in agreement with an earlier study by von Oertzen (2008) who reported the Erongo region
as a high background radiation place. Similarly, the results for calculated radium equivalent

activity concentrations (Ra.,) in Bg.kg™ for soil samples in the study are presented in Figure

4.6.
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As can be seen in Figure 4.6, the Raeq activity concentrations in the study area in
exhibit a normal distribution curve with maximum frequency appearing in 201-220 Bq.kg*
range and low frequency in 321-340 Bg.kg™. Since the Raeq results in all the soil samples
from the study area are less than the maximum value of 370 Bq kg which correspond to 1
mSv/yr, the radiological safe limit established by UNSCEAR (1988), this can imply that the
soils are not radiologically hazard.

In order to assess the health effects on human population due to exposure to ionising
radiation due the activities of 238U, 232Th and 4K it is important to consider external radiation
sources to limit the radiation doses to 1 mSvy?! (Ramasamy et al, 2011). The index value
must be less than a unit to be within safe limits of radiation hazards. The calculated external
hazard index in soil samples from the study area is presented in Appendix A and Figure 4.7.
The calculated external hazard index varied from radiation varied from 0.37 to 0.90 with a
mean of 0.66 for Arandis town and 0.48 for Karibib town. Figure 4.7 reveals that most of the
soil samples have Hex values less than a unity and this implies that the soils in the study

area does not constitute a health hazard to the inhabitants of area.
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Figure 4.6 Frequency distribution of radium equivalent activity concentrations (Raeq)

in the two towns of Arandis and Karibib

The excess lifetime cancer risk is defined as the probability or risk of an individual
developing cancer due to exposure to deleterious substance such as radioactive substance
or toxic heavy metals from multiple exposure pathways over time.

The calculated excess lifetime risk from the 45 soil samples collected from the two
town of Arandis and Karibib , varies from to 0.28x10-3 to 0.64 x102 with an average value of
0.49x10 for Arandis town and 0.36x10 for Karibib town as presented in Appendix A and
Figure 4.8. This average value of ECLR in Arandis is 1.5 times higher than the world average
of 0.29 x 1073 (Taskin et al, 2009) which can potential mean a radiation health hazards to the
general populace residing in this mining towns due to radiation doses due to NORM. We
were not able to evaluate the health hazards of the assessed values on the population since
this information is obtained from secondary data such as mortality and morbidity of the
population which was not accessible, and the study was limited to background radiations.
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NORM in soil samples for the study area
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4.3.2 Radiological parameters associated with the activity concentrations of 238U,
232Th and 4°K in PM samples

The results for the radiological parameters in PM samples collected from the town of
Karibib and Arandis are listed in Appendix A and schematically presented in Figures 4.9,
4.10, 4.11, 4.12 and 4.13. These radiological parameters are measured in terms of the
absorbed dose (D) rate, the annual effective equivalent dose (AEDE), radium equivalent
activity( Ragq), the external hazard index (Hey), and excess lifetime cancer risk (ELCR).

The mean absorbed dose rate (D) in air at 1 m above the ground in the town of Arandis
was found to be 97.98 nGy/h and 100.37 nGy/h in the town Karibib and these values are
twice higher than the worldwide average value of 59 nGy/h (UNSCEAR, 2000). Figure 4.9 is
a frequency distribution curve for the calculated absorbed dose rate (D) in the air from the
two towns of Arandis and Karibib. As observed in Figure 4.9, the highest frequency was found
in the range of 91-100 nGy/h and the least was found in the range of 131-140 nGy/h. All the
samples have absorbed dose rate (D) value greater than the worldwide value of 59 nGy/h
which is a concern to the inhabitants of these two towns and therefore precautionary
measures must be taken to prevent exposure to ionising radiation originating from NORM.
However, the absorbed dose rate in the air cannot be used to provide radiological risk
conclusively, instead, the annual effective dose equivalent (AEDE) from terrestrial gamma-
radiation provides a better estimate. The average AEDE which is calculated from absorbed
dose rate (D) was found to be 0.61 mSvl/y, which is lower than 1 mSv/yr, the safe limit
promulgated by International Commission on Radiation Protection (ICRP,1993).

The annual effective dose equivalent in PM samples was found to be 0.60 mSv/y and
0.62 mSvly for the towns of Arandis and Karibib. The obtained AEDE values are significantly
lower than the safe limit of 1 mSv/y. Figure 4.10 shows the frequency distribution of annual
effective dose equivalent in PM samples from the town of Arandis and Karibib. The graph is
normally distributed with the highest frequency appearing in the range of 0.56-0.60 mSv/yr
and thus the value is less than the safe limit given by ICRP and radiation damage due NORM
is therefore not significant. It should be noted that some sampling sites have annual effective
dose which is closer to a unity, and therefore may imply that prolonged exposure to
radioactive PM may pose a health hazard to members of the public in these towns.
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Figure 4.9 Frequency distribution for the absorbed dose rate (D) in PM samples from

the two towns of Arandis and Karibib

To limit the radiation exposure due to natural radionuclides in the PM samples from
the town two towns of Karibib and Arandis to a safe limit of 1 mSvl/y, the internal radiation
hazard ( H;,) was introduced (ICRP, 2008). The internal radiation hazard index (H;,) reflects
the external exposure due inhalation of alpha emitting radionuclides by members of the
population which must be less than a unity in order to keep the radiation hazard below the
safe limit and the maximum value of H,, corresponds to the upper limit of radium equivalent
activity concentrations of 370 Bg.kg™ in soil (Beretka et al., 1985). The calculated mean H;,
in this study was found to be 0.73 which is less than unity.

Figure 4.11 presents the frequency distribution of (H;,,) in the 45 PM samples collected
from the two towns of Karibib and Arandis and shows that the highest frequency was in the
range of 0.61-0.70, which less than unity. The H;, is a measure of radiation hazard emanating

from radon and its short-lived products which causes more harm to internal organs.
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The radiation hazard indices associated with 222U, 232Th and “°K was calculated using
equations 3.29 and 3.30 and these are used to assess the radiation dose equivalent received
by individuals to 1 mSv/y which correspond to the maximum permissible radium equivalent
(Ra.q) safe limit of 370 Bg/kg. The value was promulgated by the Organisation for Economic
Cooperation and Development (OECD, 1979).

The calculated radium equivalent activity concentrations in Bg/kg in PM samples from
the two towns of Karibib and Arandis was found to vary from 144.54 to 287.84 Bq/kg with
mean of 209.85 Bg/kg and 218.91Bq/kg respectively. The obtained mean values of Raeq
was lower than the upper safe limit of 370 Bg/kg in soil which corresponds to a value of unit
and thus the PM from the two towns are not radiological hazard. It is important to keep the
concentration levels below a unity to protect the delicate internal respiratory organs such as
the lungs from the effects associated with radon and its decay products. The assigned value
is comparable to the action level for indoor radon of 40 Bg/m® (UNSCEAR, 2000). The

frequency distribution of Raeq in PM samples from the two towns is shown in Figure 4.12.

95



12 4

10 -

Frequency
(o3}

0.30-0.33 g
0.34-0.37 g
0.50-0.53 %

0.54-0.57 F

0.38-0.41
0.42-0.45
0.46-0.49

Excess lifetime cancer risk x 103
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Furthermore, the excess lifetime cancer risk (ELCR) was calculated using equation
3.31 and this is used to reflect the fatal cancer risk per sievert. For determination of stochastic
effects, a value of 0.05 is applied for members of the public as per ICRP 60
recommendations. The ELCR mean value for Arandis town was found to be 0.60 x 10-3 while
Karibib town it was 0.62 which is two times higher than the world average of 0.29 x 103
(Taskin et al., 2009). The frequency distribution of ELCR is presented in Figure 4.13 and it
shows that all the samples from the mining towns have values greater than the world average
value and thus there are higher chances of developing cancer by the general populace

residing in these places.

4.4 Assessment of toxic heavy metals concentration in soil in Erongo region
A summary of the distribution of some heavy metals in surface soils collected from the
town of Karibib and Arandis are presented in Table 4.3. Detailed information regarding the

concentrations of heavy metal in each geographical site are given in Appendix B.
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Table 4.3 Heavy metal concentrations (mg/kg) in the surface soil samples collected from the town of Karibib and Arandis
and the comparison with World Surface Rock Average (WSRA) and World Health Organization (WHO)

(Charravarty and Patgiri, 2009; Chiroma et al., 2014)

Arandis town Karibib town WRSA WHO
Element  Min Max Mean SD CV%  Min Max Mean SD CV%
Cr 58.31 107.70 74.92 13.81 18.44 31.11 11420 48.58 16.80 34.60 90 100
Mn 90.27 39350 214.73 81.71 38.05 37.81 209.80 115.46 49.09 4252 750 2000
Fe 8140 26550 15372 4331 28.17 1113 9309 4897.60 2356  48.12 35900 5000
Ni 1592 71.36 24.99 1253 50.15 6.85 216.10 24.11 46.16 19.48 50 50
Cu 18.52 37.97 27.20 5.91 21.73 2.57 39.98 11.76 7.78 66.14 45.0 100
Zn 29.10 105.30 49.52 21.69 43.79 153 173.40 25.52 39.14 153.4 95.00 300
As 1.71 3.74 2.67 0.58 21.76 046  2.56 1.22 0.50 40.65 13 20
Cd 0.52 0.79 0.60 0.06 10.38 0.37 0.71 0.56 0.09 1538 0.3 3.0
Pb 9.30 79.68 24.10 1571 65.19 1.44 21.10 7.30 5.37 73.00 16.0 100

The mean concentrations of toxic metals Cr, Mn, Fe, Ni, Cu, Zn, As, Cd, and Pb in the town of Arandis are 74.92, 214.52, 15372.50,
24.99, 27.20, 49.52, 2.67, 0.60, and 24.10 mg/kg while for the town of Karibib are 48.58, 115.46, 4857.60, 24.11, 11.76, 25.52, 1.22,
0.56 and 7.30 mg/kg respectively. These values are significantly lower than the World Surface Rock average (WSRA) and World

Health Organisation (WHO) reference values. As can be seen from Table 4.4, the average concentrations (mg/kg) of the metals

decreases in order Fe>Mn>Cr>Zn>Cu>Ni>Pb>As>Cd for the town of Arandis and Fe>Mn>Cr>Zn>Ni>Cu>Pb>As>Cd for the town of

Karibib.
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However, the arithmetic mean of the metals does not explain fully about the spread
and variability of these heavy metals in the environment. The standard deviation (SD) was
divided by the corresponding mean to give the coefficient of variation (CV). By considering
the CV of the metals in this study, it can be deduced that many of the surface soils have a
higher CV indicating a highly heterogenous nature of samples with elements: Ni and Zn
shows the greatest variability of 50.15 and 153.37 % CV in the town of Arandis and Karibib
respectively

To evaluate whether the results of the measured values are within the permissible
limits, the concentrations were compared with FAO/WHO soil guidelines and other countries
(Table 4.3, 4.4 and Figure 4.14). As observed in Table 4.3, the mean concentrations of most
measured heavy metals are significantly lower than the FAO/WHO and WSRA soil guidelines
in most of the samples. The concentrations of Fe in the town of Arandis is higher than the
FAO/WHO soil guidelines and two times less than the WSRA values and this could be
attributed to the nature of the parental material of soil in the study area.
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Figure 4.14 The average concentrations of Heavy metals in soils from the town of
Karibib and Arandis
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On the other hand, the concentration of Fe in the town of Karibib is comparable to the
FAO/WHO and WSRA soil guidelines. It should be noted that most measured toxic metals in
the soil samples are within the safe limit as suggested by Alloway (1995), except for Fe with
a value of 4895.60 mg/kg compared to 3000 mg/kg. Detailed information about the normal
concentrations of heavy metals in soil and the critical limits are given in Appendix B.

It is well documented that Cd, Cr and Pb have been ranked as the most toxic metals
and have received the greatest attention from a public health point of view (Tchounwou et
al., 2012). Exposure to lead (Pb) even at low concentrations have been associated with
behavioural abnormalities, poor growth rate, learning impairment, decreased hearing and
reduced cognitive functions in humans and even in experimental animals (Millichap, 1995)
while the soluble hexavalent chromium (Cr) is widely recognised as carcinogenic, mutagen,
and teratogen towards human and animal (Patlolla et al., 2009). Similarly, Cadmium and its
derivative compounds interferes with calcium metabolism with consequence renal tubular

dysfunction and osteoporosis (Faroon et al., 2012).
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Figure 4.15 A comparison of the most toxic metals concentrations with critical limits

in soil.
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Table 4.4 Maximum allowable Limit of Heavy Metals Concentrations in Soil for Different Countries (Kamunda et al, 2016 b)

Country Concentration limit (mg/kq) References
Cr Mn Fe Ni Cu Zn As Cd Pb
Germany 60.0 50.0 40.0 150.0 50.0 1.0 70.0 Dar-Yuan & Chia Hsing, 2011
Poland 100.0 100.0 100.0 300.0 50.0 3.0 100.0 (Mtunzi et al., 2015)
UK 130.0 130.0 n.a na 32.0 10.0 450.0 CLEA, 2009
Australia 50.0 60.0 100.0 200.0 20.0 3.0 300.0 EPA, 2012
Taiwan 250.0 200.0 200.0 600.0 60.0 5.0 300.0 Dar-Yuan & Chia-Hsing, 2011
China 200.0 50.0 100.0 250.0 30.0 0.5 80.0 EPMC, 2015
Canada 250.0 100.0 150.0 500.0 20.0 3.0 200.0 CME, 2009
Tanzania 100.0 100.0 200.0 150.0 1.0 1.0 200.0 He et al., 2015
WHO 100.0 2000 5000 50.0 100.0 300.0 20.0 3.0 100.0
WSRA 90.0 850.0 35900 50.0 45.0 950 13.0 0.3 16.0 Martin& Maybeck, 1979
South Africa 6.5 91.0 16 240.0 5.8 7.5 20.0 DEA, 2010
Arandis, Namibia 74.9 214.7 15372.524.927.2 495 27 06 24.1 Current study
Karibib, Namibia  48.6 115.5 4897.5 241 118 255 1.2 06 7.3 Currentstudy
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Epidemiological studies have shown a close correlation of cadmium (Cd) with certain
types of cancers(Tchounwou et al., 2012). A comparison of the concentrations of Arsenic
(As), Cadmium (Cd), Chromium (Cr) and Lead (Pb) with the critical limits as proposed by
Alloway (1995), is presented in Figure 4.15. As can be deduced from Figure 4.15, Cr
concentrations value in the town of Arandis is closer to the critical limit values and as such,

analysis needed to be done so as to ascertain its potential carcinogenic effects.

4.4.1 Assessment of contamination status due to heavy metals exposure

Many authors have determined the degree of metal contamination using the shale
value to represent the degree of quantification of pollution (Muller, 1979, Forster and Wittman,
1983) while others have considered the background value of the study area to be the
geometric mean of concentration at different sampling sites. This represent the antilog of the
arithmetic mean of logio of the concentration values. It has been found that the geometric
mean reduces the importance of outliers and thus making it a useful indicator of background
for most geochemical data. This method was not applied in this study. Instead, the world
surface rock average (Martin and Meybeck, 1979) of individual metals have been taken to be
the background as it helps to quantify the pollution index by converting the calculated
numerical results into broad descriptive bands of pollution ranging from low to high intensity.
Four indices were used to evaluate the status of the studied pollutants in the soil samples
from the towns of Karibib and Arandis. Detailed results for contamination factor (CF) and
degree of contamination (Cdeg), Enrichment factors (EF), Geoaccumulation Index (Igeo) are
shown in Appendix C.

4.4.1.1 Contamination factor (CF)

The results for the contamination factors for the measured soil samples in the town of Arandis
are presented in Figure 4.16 and Appendix B. The contamination factors (CF) in the soll
samples were calculated by equation 3.11 as suggested by Hakanson (1980).

Classification of the contamination index was achieved by the criteria suggested by
Hakanson (1980). Based on this criterion it can be deduced that the mean contamination
factor (CF) for elements Cr, Mn, Fe, Ni, Cu, Zn, As, Cd and Pb was observed to be 0.83,
0.25, 0.43, 0.50, 0.60, 0.21, 2.01 and 1.51, respectively, in the measured soil samples which
indicate low level of contamination. However, exceptions are exhibited in sample AS1, AS3,

AS16 and AS20 which have moderate contamination with contamination values of 1.14, (Cr),
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1.43 (Ni), 1.11 (Zn), 1.20 (Cr) and 1.00 (Zn) respectively. On the hand, Cd and Pb show
moderate contamination in most samples apart from sample AS3 which have considerable
contamination with an index of 4.98 (Pb). The moderate and considerable level of
contamination for Cd and Pb can be partly due geological underlying rock which is rich in the
metal Pb and partly due to anthropogenic activities such as mining and vehicular emissions.
During mineral mining, large quantities of wastes containing different types of chemicals are
accidentally or deliberately discharged into the biosphere and they may find their way into

water bodies and soil which are the ultimate sinks.
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Figure 4.16 Box and whisker for the contamination factors for the measured soil

samples in the town of Arandis

Contamination factors determination in soil samples may be not be conclusive to
explain the extent of pollution alone, another term which sums all the contamination factors
known as the degree of contamination was introduced. Appendix C also shows that the
degree of contamination in the measured samples from the town of Arandis is low in most

samples which imply that the extent of metals due to anthropogenic activities is insignificant.
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However, only sample AS1 and AS3 have moderate contamination degree of contamination
with the values of 9.34 and 11.34 respectively.

Figure 4.17 and Appendix C also illustrates contamination factors (CF) and the degree of
contamination (Cg44) for the soil samples measured in the town of Karibib. A similar trend
was observed in most of the samples from the town of Karibib. The contamination factors for
Cr, Mn, Fe, Ni, Cu, Zn, As and Pb are in the low contamination category while Cd was in the
moderate category. It should be noted that sample KS1 is in the moderate category with the
indices of 1.27 (Cr), 2.37 (Pb) and in the considerable category for Ni with index of 4.32.
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Figure 4.17 Box and whisker for the contamination factors for the measured soil
samples in the town of Karibib

The measured soil samples from the town of Karibib shows that Cd is in moderate
contamination category and this may be related to improper handling of waste during gold
mining extraction and purification in the mine nearby the town and industrial emissions. The
obtained values in this study are not in agreement with values obtained in related studies in

sediments by Hu et al, 2010 where Cd showed low degree of contamination.
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4.4.1.2 Pollution Load Index (PLI)

The pollution load index (PLI) in the measured soil samples in the two mining towns
of Arandis and Karibib were calculated using equation 3.14 and a summary of the results are
presented in Table 4.5. Detailed information of the PLI values from the two mining towns are
presented in Appendix C. The mean value of PLI in Arandis from all the samples was
1.25x102 while in the town of Karibib it was 1.18x103. In all the sampling sites in both towns,
the PLI was significantly lower than 1 by a magnitude of hundred folds. The measured results
are comparable to a study conducted by Onjefu et al (2016) in sediments samples in the
same locale. If the PLI > 1, it means the site is contaminated, PLI < 1, means no pollution
and PLI =1, means baseline pollutants are present (Tan et al, 2017). Since the PLI at different
sampling points shows that all the sampling points were less than 1 which means that the

soil in not polluted with heavy metals.

Table 4.5 Summary of Pollution load index in soil samples collected from the town of
Arandis and Karibib

Arandis Pollution Load Index Karibib Town Pollution Load Index
Town

Min 2.18E-03 Min 4.17E-06

Max 3.90E-02 Max 1.32E-02

Mean 1.25E-02 Mean 1.18E-03

4.4.1.3 Enrichment factor (EF)

The enrichment factor (EF) in metals is an indicator used to assess the presence of a
contaminants due to anthropogenic activities on surface soils and dust. The indices were
calculated using equation 3.15 and Fe was used as a reference element. Other elements
such as Al, Mn and Rb have been used as reference elements in some studies depending
on the matrix and geochemical speciation of the sample and the reference material. For
example, Al is an ideal reference element for use in sediment samples because it is a
conservative element and a major constituents of clay minerals (Ryan et al., 1988; Sinex et

al.,1988; Barbieri et al., 2014; Emmerson et al., 1997) as opposed to Fe which is not a matrix
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element and its chemical speciation is similar to many other elements under oxic and anoxic
environments (Emmerson, 1997).

The results for the enrichment factors in the soils of Arandis town are presented in
Table in Appendix C, Table C5. As depicted in the Table C5, EF for most of the studied
samples exhibit a deficiency to minimum enrichment (EF < 2) for Cr, Ni, Cu, Zn, Mn and As
which suggest that the elements wholly come from natural processes such as weathering
(Yongming et al., 2006). However, for the element Cd, about 50 % of the samples show a
moderate contamination (EF > 2) while 50 % are significantly contaminated. A similar trend
is also observed in Pb where about 90 % of the samples are moderately contaminated and
10 % are significantly contaminated. This indicate that a significant portion of the metals was
delivered by other sources like point and non-point sources pollution from mining activities
such blasting, excavation, drainage after mineral processing, and windblown dust
(Sutherland et al., 2000; Muller, 1971). This is not surprising as Pb is a key element in the
uranium tailings and depleted uranium, and Cd is widespread in chemical reagent used for
the processing and purification of uranium oxide.

On the other hand, Appendix C, Table C4 presents the enrichment factors for the
elements Cr, Mn, Ni, Cu, Zn, Cd and Pb in the town of Karibib. Contrary to the results in
Arandis town for enrichment factors (EF) most of the samples were moderate to significant
contaminated except for Mn and Cd which have deficiency to minimal enrichment (EF<2) and
extremely high enrichment (EF>40), respectively, for all the samples. This suggest that that
the source of these toxic metals is from anthropogenic activities. The mean EF for the
measured samples were in order of Cd> As> Pb> Cu> Ni> Cr> Zn.

4.4.1.4 Geoaccumulation index (Igeo)

The intensity of heavy metal pollution in soil samples was evaluated using the
Geoaccumulation index (Ilgeo) introduced by Muller (1979) which is illustrated by equation
3.15. The Igeo index for the 9 studied heavy metals are listed in Figure 4.18 and Appendix
C.

The calculated values for the Igeo for the town of Karibib and the town of Arandis
shows that most sites are unpolluted with the elements, As, Pb, Cr, Ni, Mn, Fe, Zn and Cu
except for Cd which showed uncontaminated to moderately contamination. The Igeo values
for Zn and Ni for site KS1 and KS10 revealed that the solil is uncontaminated to moderately
contaminated and moderately contaminated. The negative values of As, Cr, Ni, Fe, Zn and

Cu for Geoaccumulation index shown in Figure 4.18 are as a result of deficient to minimal
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enrichment and these results are comparable earlier studies conducted by Onjefu et al.,
(2016) in-shore sediment samples of the Henties Bay in Erongo region. However, Fe in soll

samples Fe is used because of its stability.
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Figure 4.18: Geo-accumulation index (Igeo) values for heavy metals for soils samples

collected from the town of Karibib and the town of Arandis.

4.5 Analysis of PMin Erongo region

The results for gravitational analysis, morphological and the relative number
abundance (%) of the particles in the analysed PM samples collected from the town of
Arandis and Karibib are presented and discussed in the proceeding sections. Figure 4.19,
4.20, 4.21 and Figure 4.22 shows the morphological characteristics of the particles detected
in the town of Karibib and Arandis respectively. In addition, a correlation analysis of the
relationship between respiratory inhalable fraction (IF), the deposition fraction (DF) and

particle diameter of PM samples is also presented and discussed.

4.5.1 Gravitational analysis
The particulate matter fall rate was analysed by gravitational analysis. The calculation
of insoluble particulate matter (D) was done using equation 3.16 and a summary of the results

are presented in Table 4.6. Detailed information about the fall rate is available in Appendix
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A. Table 4.7 shows the minimum, maximum and average PM fall rate in the town of Karibib
was 80, 1170 and 340 mg/m?/day and 10, 1020 and 520 mg/m?/day for the town of Arandis,

respectively.

Table 4.6 PM fall rate (D) in the town of Arandis and Karibib

Parameter Karibib town Arandis town
D (mg/m?/day)

Minimum 70 10

Maximum 1170 1020

Mean 340 520

The values obtained in this study are significantly lower than South African Dust
Control regulation (DEA, 2013) which stipulates the total amount of dust permissible in
ambient air monitored in accordance with American Society for Testing and Materials
standard method (ASTM D1739-98, 2004) for measuring dust fallout (particulate matter). The
regulation stipulates that the dust for residential areas must be kept below 600 mg/m?/day
measured over a 30-day average and between 60 and 1200 mg/m?/day for non-residential
areas as shown in Table 4.7. In addition, the particles also include both natural and
anthropogenic sources.

Table 4.7: The National Dust Control Regulations (adapted: DEA, 2013)

Restriction areas PM fall rate (D) Permitted frequency
(mg/m2/day averaged over 30 days) Exceeding dust fall rate
Residential area D< 600 Two within a year/not

sequential months

Non-residential area 600<D<1200 Two within a year/ not

sequential months

4.5.2 Morphological characteristic of PM in Karibib town
The SEM images of particles shows variation in average grain sizes and shapes.
According to their average grain size, shape and elemental composition, about 80 % of the

particles analysed have average grain size less than 1.0 um (PMz1.0) which is the fine fraction.
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The detected particles also include a very small number with an average grain size more than
1.0 um but still less than 2.5 um (PM2.5) while some are more than 2.5 um as reflected in
Appendix D. Appendix D shows the variation of grain size of PM samples collected from the
town Karibib and Arandis.

As can be observed in Figure 4.19, the elemental composition from the X-ray energy
spectra of the analysed particles shows that the most abundant elements in the PM were (C,
O, Mg, Al, Si, Ca, Fe ) with minute quantities of Na, Ti, P, and Cu . The morphology and
chemical analysis of the PM samples collected from the town of Karibib are depicted in Figure
4.20 (a), (b), (c), (d), (e) and (f). It can be deduced that there are two classes of particles and
these are: natural and anthropogenic. Natural particles consisted of mostly particulate matter

from soil dust and biogenic (biological fragments, spores, pollen fungi and these particles.
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Figure 4.19 The relative number abundance (%) of the particles in the analysed PM samples
collected from the town of Karibib

Dust particles have irregular shapes and sizes while biogenic particles were highly
structured, with rounded shapes and smooth surfaces. These soot aggregates are

characterised by a higher C content in comparison to O are thus conspicuous than the other
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particles. The particles have drawn a lot of public interest because they are thought to be the
largest contributor to global warming (Mico et al., 2015). The particles may originate from
incomplete combustion of fuels and they are a good tracer of vehicle emissions which are
used in the mines (Fruhstorfer et al., 1994). SEM photomicrographs for soot aggregates are
presented in Figure 4.20 a). The variation in soot particles with fly ash from one site to the
other suggest that its major source is traffic related. In closer association with the soot
aggregates patrticles, there are biogenic particles which contain an equal amount of C and O
with trace amounts of Mg, Al, Si, K, Ca and Fe and these are presented by a wide range of
spores, bacteria, fungi and various types of organic fragments, with highly variable
morphology (e.g. plates, spores, columns etc). The partilces are mixed, irregular, cuboidal,
crystalline particles with flocks formed due to incomplete combustion as presented in Figure
4.20 (b).

The particles from site KPM17 to KPM24 with a SEM photomicrograph as given in
Figure 4.20 (c) has the most abundant elements of Si, Al and Ca with minor of Na, K, Ti and
Cu and the morphology of these particles’ ranges from large spheroidal to irregular. The
presence of Si, Al implies that the particles may have originated from weathering and
breakdown of the underlying geological material as a result of mining activities. Si-rich
particles are classified as quartz and contain predominantly silicon (SiO2) with variable
amount Al, Na, Mg, P and K. These particles may originate from soil and carried by wind to
nearby communities. Si-rich partilces may also consists of mixed particles with a composite
origin, as it can originate from deposition and heterogenous nucleation (Kandler et al, 2007)
of secondary sulphates (anthropogenic component) on mineral dust (natural component).

Natural component is dominated by geogenic particles originating from crustal erosion
and these are made up of aluminosilicates (mainly clay minerals), quartz and to some extent
small fraction of carbonates. Aluminosilicates were present in samples KPM17, KPM18,
KPM19, KPM20, KPM21, KPM22, KPM23 and KPM24 and they were characterised by high
amounts of Si and Al with moderate amounts of Fe, Ca, P, Ti and other metals. These
particles have irregular shapes and this shown in Figure 4.20 (c). Ca-rich particles KPM17 to
KPM24 is made up of calcite particles which are dominated by Ca with minor amounts of Al,
Mg, Ti, Fe and others. The particles are irregular, elongated, and have flakes which shows
some lines of breakage as illustrated in Figure 4.20 (d).These particles were present in all
the samples and they are as a result of geogenic origin.
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The Ca-particles is an ingredient in the manufacture of cement and therefore can be
coming from building construction used in the mining site. The airborne Ca particles can be
derived from the earth crust. The presence of Ti, Mn and Cu and P in small amounts may

suggest that the particles may come from desert dust which is common in the area

Figure 4.20 SEM photomicrographs for: a) soot aggregates; b) biogenic particles,
c) Si-rich (natural quartz particles); d) Ca-rich particles ; e) Fe-rich particles;

f) mixed particles

. Fe-rich particles may be of both anthropogenic and natural origin (Genge et al., 2012)

and contain Fe in large concentrations with trace amounts of Cu, Ti, Na and Mg. The particles
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are irregular and rounded as shown in Figure 4.20 (e). Anthropogenic process which could
lead to the emission of Fe-rich particles could be industrial, mining activities and abrasion of
metallic related materials and in some cases traffic related. The contributory sources of Fe
was likely to be traffic related as this sites are characterised by high volume of traffic due to
mining activities. In some instances, in residential places, combustion of fuel can also add
Fe-particles in the atmosphere.

Mixed particles contain different combinations of elements Ca, Si, Al, Ti, Mg and Fe
and they cannot be classified in any one of the described groups and they were rounded in
shape. In some instances, they may also contain agglomerates of clay particles and these
may either from mineral origin and transported by wind or anthropogenic origin such as
construction activities. Tire wear debris and abrasion of different materials. An example of

mixed partilces photomicrograph is shown in Figure 4.20(f).

4.5.3 Morphological and chemical analysis of PM samples from Arandis town

The morphology of PM collected from the town of Arandis were analysed by a
scanning electron microscope with energy dispersion X- ray (SEM/EDX). The were six types
of particulates identified and these are: biogenic particles, aluminosilicates, mineral particles,
guartz particles, clay particles, and non-biogenic C rich particles and theses are presented in
Figure 4.21. The relative amounts of several particles’ morphology detected in the PM
samples are shown in Figure 4.21 and the particles have high relative amounts of C and O
in addition to other elements. Biogenic particles are composed of high relative amounts of C
and O in equal amounts followed by small amounts of Na, Mg, K and Ti as shown in Figure
4.22 particle G. The SEM of particle G with a magnification of 5 pum collected from PM
samples at site APM4 has morphology which ranges from spherical, flake irregular and flocks.

Biogenic particles are associated with flake-like particles while spherical would be an
integral of pollen and ashy. The flocks are attributed to incomplete combustion of fuels and
they have high concentration of carbon. These include a mixture of black, brown and clear
agglomerate of small particles that are round and results from the activities from the vicinity
of the mine. On the other hand, in aluminosilicates, the dominant elements are C, O, Si, Fe
and Al with minor of Mg, CI, Na and K as illustrated in Figure 4.22 particle H. The relative
intensities of these elements suggest the presence aluminosilicates with traces of chloride.
The consistence occurrence of Al/Si/O signals implies that the particles may have originated
from natural processes such as weathering of a local geological material The SEM
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micrograph of particle H with a magnification of 5 pm collected from site APM2 has
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Figure 4.21 The relative number abundance (%) of the particles in the analysed PM

samples collected from the town of Arandis

. The particle at magnification 2 um collected from site APM7 in the town of Arandis
shows the elemental composition of C, O, Al, Si, Ca, Fe, Na, Mg, P, K, Ti. The normalised
spectrum of the spectrum shows the dominant peak of C, O, Si, Ca and Fe followed by trace
elements, Ti, Cl, and P. The high presence of C and O are likely to be products of combustion.

In addition, the presence of Fe and Ti are products of mining activities such as
purification of minerals which generates wastes water containing Fe and Ti as by products.
Al and Si are linked to the presence of silicates and alumina silicates which are mainly derived
from crustal source.

The silica particles are composed of silica and oxygen alone and these are
represented by residual quartz as illustrated in Figure 4.22 (1). The presence of Fe can also
be attributed to combustion of fossil fuel in vehicles (Battachayo, 2013). The morphology of
this particle spheroidal to irregular with rough surfaces. The SEM micrographs of the PM

samples collected from the town of Arandis were analyzed for average grain size, morphology
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and elemental composition. Figure 4.22 (J) shows the SEM/EDX micrograph PM of particle
from site APM14 magnified at 4 um and shows the elemental percentages of C, O, Al, Si, Ca
and Fe with minor Na, Mg, CI, K and Ti. The dominance of Ca, Si and Al may reflect soil and
ash as the source of this particle while Ca may be originating from building material that are
used for construction in the mine (Xie et al, 2005) and surface soils and this suggest they are
metal particles. The morphology of the particle’s ranges from slates, elongated and large
irregular shapes. Figure 4.22 (K) represents a SEM photo at 10 000 magnification, with a
magnification of 2 um collected from site APM20. The micrographs illustrate that there are

many ultra-fine particles with most of them less than 1 um.

Figure 4.22 SEM micrographs of G) biogenic particles; H) aluminosilicates; |) quartz
particles; J) metal particles; K) clay particles; L) non-biogenic C-rich

particles
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The morphology of these patrticles are irregular showing some triangular sharp edges,
which are crushed or chamfered edges which are due to mechanical impacts due to
mobilisation and transport by wind and these are clay particles. The composition of the
particle is made up C, O, Al, Fe, Ca and Si which are dominant with traces of P, Cl, Na, Mg,
K.

While Figure 4.22 (L) is a SEM micrograph magnified at 2 um collected from APM24
in Arandis town. The morphology is composed of small spheroids particles with smooth
edges and some of them are completely bonded forming an agglomerate state such as a
platelet. These are non-biogenic C-rich particles, which are combined to form linear or
branched -chain with armphous structure. The elemental composition consists of C, Al, O,
K, and Fe.

4.5.4 Respiratory inhalability, deposition and particle size of PM

The inhalability fraction (IF) and deposition fraction (DF) for PM10, PM2.5 and PM1.0
of samples collected from the two mining towns of Arandis and Karibib were computed by
using equation 3.17, 3.18 and 3.20 and the results are presented in Table 4.8. The inhalable
fraction (IF) ranges from 0.912204 to 0.998314 while the deposition fraction (DF) varied from
0.082345 to 1.383342 in all the samples in the study area. Detailed information about IF and

DF for each sample is provided in D.

Table 4.8 Inhalable, deposition and particle size in um in PM samples

Diameter (D) Karibib town Arandis town
Inhalable Deposition Inhalable Deposition
Fraction (IF) Fraction (DF) Fraction (IF) Fraction (DF)
10 0.923841 0.09481 0.912204 0.082345
2.5 0.961347 0.267254 0.959693 0.241866
1.0 0.991937 0.969545 0.998314 1.383342
Maximum 0.923841 0.094810 0.912204 0.082345
Minimum 0.991937 0.969545 0.998314 1.383342
Average 0.959042 0.443870 0.956737 0.569184
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The data from Table was subjected to polynomial regression to evaluate the
relationship between deposition fraction (DF) and particle size and the results are presented
in Figure 4.23 and Figure 4.24. In both Figures, it can be deduced that the that the particle
size and respiratory deposition are highly correlated with values of R? = 1 for Karibib town
and R?= 0.94 for Arandis town.

The polynomial regression showed a y-intercept of 1.24 for Karibib town and a y-
intercept of 1.52 for Arandis town. The gradient for both towns was found to be -0.22 which
illustrates an increase in respiratory deposition as particle size is decreased. The same trend
was also observed with particle size and inhalability in both towns where R?= 1.00 and a
gradient of -0.03 which shows an increase in inhalability as particles size becomes small and
this is comparable with results reported by several authors (Kgabi, 2009; Phalen and Mendez,
2009). The relations obtained highlight the importance of particle size in relation to their
potential health hazards in human beings. There is an abundance of evidence linking PM
with health effects (Lee and Leu, 2013, Priya and Kuppuswami, 2012, Kumar et al, 2011;
Fernandez-Navarro et al, 2012) and their toxicity depends inhalability, deposition, duration of
exposure, efficiency of the exposure system delivery, the ventilation rate and sometimes
gender. PM10 (particles with aerodynamic diameter <10 um) can be attached to the upper
respiratory system causing mostly sinus and sometimes asthma. PM2.5 (particles with
particles with aerodynamic diameter <2.5 um) which are inhalable particles may reach the
lungs and cause lung diseases . On the other hand PM1.0 (particles with aerodynamic
diameter <1.0 um) which enters the blood stream may cause cancer and related ailment.
The health problems of these PM are further compounded when the particles contain heavy
metals or radioactive particles and hence it imperative to evaluate the inhalability and
deposition fractions to minimise or prevent negative health associated with PM in mining

communities.
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Figure 4.23 Polynomial regression of the relationship between particle diameter and

deposition fraction (DF) in the town of a) Karibib town, b) Arandis town
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4.6 Toxicological risk due to toxic heavy metals

4.6.1 Introduction

Heavy metals are inherently present in the environment and they constitute an important
class of toxic substance which are encountered in numerous occupational and environmental
circumstances. The impact of these toxic agents on human health is a subject of intense
interest due to their negative effects on health and the ubiquity of exposure. These heavy
metals can induce cancer through various pathways which depends on the type of metal and
time of exposure and thus it is important to prevent or reduce the exposure of individuals to
contaminants that contributes directly or indirectly to increased rates of premature death,
diseases or discomfort (Dockery et al., 2009) and this can be achieved through the estimation
of the concentrations to which human populations may be exposed and asses the risk. The
reference doses (RfD) presented in Table 5.7 and the annual daily intake (ADI) values in
Table 7.6 and Table 7.7 were used to calculate non-carcinogenic human health risk exposure

of heavy metals through dermal, oral and inhalation pathways.

4.6.2 Non-carcinogenic risk

4.6.2.1 The annual daily intake (ADI) for adults and children

The ADI values were calculated using equations 3.32, 3.33 and 3.34 given in chapter 3 and
the results are presented in Table 4.9 and Table 4.10. The values for ingestion, inhalation
and dermal routes are significantly lower than the permitted maximum tolerable daily intake
(PMTDI) endorsed by WHO/FAO (Pb, 0.21 mg/person/day; Zn, 15 mg/person/day; Cu, 2.0
mg/person/day; Fe, 15.0 mg/person /day). In both adults and children population, the order
of heavy metal intake in soils in the two towns of Arandis and Karibib are: Fe> Mn > Cr > Zn
>Cu > Ni > Pb > As > Cd. While it is interesting to note that the ADI for all heavy metals are
below the safe limit, their consumption does not imply that the health risk is eliminated. It is
therefore important to evaluate the levels of heavy metals so ensure that they cannot
accumulate in the food chain and illicit some health hazards. The values for ADI for all the
measured metals in this study were used to calculate the Hazard quotient (HQ) and Hazard

index (HI) for ingestion, inhalation and dermal pathways using equations 3.35 and 3.36.
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Table 4.9 ADI values (mg/kg) for children and adult populations used for non-carcinogen Risk calculations Arandis town

Pathway Heavy Metal
Cr Mn Fe Ni Cu Zn As Cd Pb Total

Ingestion 1.03E-04 2.94E-04 2.11E-02 3.42E-05 3.73E-05 6.78E-05 3.66E-06 8.25E-07 3.30E-05 2.16E-02
Inhalation 9.66E-09 2.77E-08 1.98E-06 3.22E-09 3.51E-09 6.38E-09 3.45E-10 7.76E-11 3.11E-09 2.04E-06
Dermal 3.13E-06 8.96E-06 6.41E-04 1.04E-06 1.13E-06 2.07E-06 1.12E-07 2.51E-08 1.10E-06 6.59E-04
Total 1.06E-04 3.03E-04 2.17E-02 3.53E-05 3.84E-05 6.99E-05 3.77E-06 8.50E-07 3.40E-05 2.23E-02
Ingestion 9.58E-04 2.75E-03 1.97E-02 3.42E-04 3.48E-04 6.33E-04 3.42E-05 7.70E-06 3.08E-04 2.02E-01
Inhalation 2.69E-08 7.70E-08 5.51E-06 8.96E-09 9.76E-09 1.78E-08 9.59E-10 2.16E-10 3.64E-09 5.66E-06
Dermal 1.53E-06 4.39E-06 3.14E-04 5.11E-07 5.56E-07 1.01E-06 5.47E-08 1.23E-08 4.93E-07 3.23E-04
Total 9.59E-04 2.75E-03 1.97E-01 3.20E-04 3.48E-04 6.34E-04 3.42E-05 7.71E-06 3.09E-04 2.02E-01

Table 4.10 ADI values (mg/kg) for children and adult populations used for non-carcinogen Risk calculations Karibib town

Pathway Heavy Metal

Cr Mn Fe Ni Cu Zn As Cd Pb Total
Ingestion 6.66E-05 1.58E-04 6.71E-03 3.30E-05 1.62E-05 3.49E-05 1.67E-06 7.66E-07 1.00E-05 7.03E-03
Inhalation 6.27E-09 1.48E-08 6.32E-07 3.11E-09 1.52E-09 3.29E-09 1.57E-10 7.21E-11 9.41E-10 6.62E-07
Dermal 2.03E-06 4.80E-06 2.04E-04 1.01E-06 4.92E-06 1.06E-06 5.09E-07 2.33E-08 3.05E-07 2.14E-04
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Total 6.86E-05 1.62E-04 6.92E-03 3.40E-05 1.67E-05 3.60E-05 3.77E-06 7.89E-07 1.03E-05 7.25E-03
Children

Ingestion 6.21E-04 1.47E-03 6.26E-02 3.08E-04 1.51E-04 3.21E-04 1.56E-05 7.15E-06 9.33E-05 6.56E-02
Inhalation 1.74E-08 4.12E-08 1.76E-06 8.64E-09 4.23E-09 9.15E-09 4.38E-10 2.00E-10 2.62E-09 1.84E-06
Dermal 9.94E-06 2.35E-06 1.00E-04 4.93E-07 2.41E-07 5.22E-07 2.50E-08 1.14E-08 1.49E-07 1.05E-04
Total 6.22E-04 1.47E-03 6.28E-02 3.09E-04 1.51E-04 3.27E-04 1.56E-05 7.16E-06 9.35E-05 6.57E-02

4.6.2.2 The hazard quotient (HQ) and hazard index (HI) for adults and children
Human health risk assessment of heavy metals in the soils and PM from the two town of Arandis and Karibib through three different

pathways (ingestion, inhalation, and dermal contact) was performed for children and adults (Table 4.11 and 4.12). As can be seen in

these two Tables, the HQ values for ingestion (HQy,g), inhalation (HQy,,), and dermal (HQperm), Pathways for children and adults,

the values for Arandis town was higher than Karibib town except for (inhalation, HQy,y,) in adults.

Table 4.11 Hazard quotient (HQ) and hazard index (HI) values of each metal for children and adult population from the town

of Arandis
Pathway Heavy Metal
Cr Mn Fe Ni Cu Zn As Cd Pb Total
HQipng 3.42E-02 6.26E-03 2.51E-03 1.71E-03 9.32E-04 2.26E-04 1.22E-02 8.25E-04 9.43E-03 6.83E-02
HQnn 3.38E-06 1.94E-03 9.01E-03 1.56E-07 8.72E-08 2.13E-08 1.15E-06 7.76E-08 8.83E-07 1.10E-02
HQperm 6.25E-02 4.87E-03 9.16E-07 1.93E-04 9.45E-05 3.44E-05 9.07E-04 2.51E-03 1.91E-03 7.30E-02
HI 9.67E-02 1.31E-02 1.15E-02 1.90E-03 1.03E-03 2.61E-04 1.31E-02 3.34E-03 1.31E-02 1.52E-01
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Children

HQing 3.19E-01 5.84E-02 2.34E-02 1.60E-02 8.69E-03 2.11E-03 1.14E-01 7.70E-03 8.80E-02 6.38E-01
HQinn 9.40E-06 5.39E-03 2.51E-02 4.35E-07 2.43E-07 5.92E-08 3.19E-06 2.16E-07 2.46E-06 3.05E-02
HQperm 3.07E-02 2.39E-03 4.49E-07 9.47E-05 4.64E-05 1.69E-05 4.45E-04 1.23E-03 9.39E-04 3.58E-02
HI 3.50E-01 6.62E-02 4.85E-02 1.61E-02 1.51E-04 2.13E-03 1.14E-05 8.93E-03 8.90E-02 7.04E-01

Table 4.12 Hazard quotient (HQ) and hazard index (HI) values of each metal for children and adult population Karibib town

Pathway Heavy Metal
Adults  Cr Mn Fe Ni Cu Zn As Cd Pb Total
HQipng 2.22E-02 3.35E-03 7.99E-03 1.65E-03 4.04E-04 1.16E-04 5.57E-02 7.66E-04 2.86E-03 3.77E-02
HQnn 2.19E-06 1.04E-03 2.87E-03 1.51E-O07 3.78E-08 1.10E-08 5.23E-06 7.21E-08 2.67E-07 3.91E-02
HQperm 4.05E-02 2.61E-03 2.92E-07 1.86E-04 4.10E-05 1.77E-05 4.14E-04 2.33E-03 5.80E-03 4.67E-02
HI 6.27E-02 7.00E-02 3.67E-03 1.84E-03 4.45E-03 1.34E-04 5.99E-03 3.10E-03 3.44E-03 8.83E-02
Children
HQipng 2.07E-01 3.13E-02 7.46E-03 1.54E-02 3.77E-03 1.09E-03 5.20E-02 7.15E-03 8.67E-02 3.52E-01
HQp, 6.09E-06 2.88E-03 7.99E-03 4.20E-07 1.05E-07 3.05E-08 1.45E-06 2.00E-07 7.44E-06 1.09E-02
HQperm 1.99E-02 1.28E-03 1.43E-07 9.13E-05 2.01E-05 8.69E-05 2.03E-04 1.14E-03 2.84E-04 2.29E-02
HI 2.27E-01 3.54E-02 1.54E-02 1.55E-02 3.79E-03 1.10E-03 5.22E-02 8.29E-03 2.70E-02 3.86E-01
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A comparison of the pathways by which heavy metals becomes hazardous to both the
children and population illustrates that elements: Cr, As and Pb are more hazardous through

the ingestion route (HQy,g), Mn and Fe through the inhalation route (HQy,,) While Cr, Mn and

Cd through the dermal route (HQperma1)- The findings show that the hazard quotient (HQ) of
all heavy metals from the towns of Arandis and Karibib were less than 1 in all the collected
samples. Since HQ is <1, then there is no non-carcinogenic significant risk to the populations
in these towns. Although there is no noticeable health risk to local population of exposure to
individual metals in soil and PM, potential risk could be synergistic when considering all the
heavy metals (Sinha et al., 2006; Zheng et al., 2007). Hence it is important to estimate hazard
index which assess the multiple effects of all heavy elements and routes of exposure. The
calculated HQs values in the two towns of Arandis and Karibib for heavy metals for children
and adults were in order of Cr > As > Pb > Mn > Fe > Ni > Cu > Cd > Zn. for HQ,p,, Fe > Mn
>Cr>As>Pb>Ni>Cu>Cd>Zn. for HQiu, , Cr>Pb >Mn >Cd > As > Ni>Cu > Zn >
Fe. for HQpermal- The order of the heavy metals obtained was comparable to that of a previous
study by Shabbaj et al., (2018) in the road dust of Jeddah, Saudi Arabia. In addition, the HQ
values for the three pathways in measured results for children and adults decreased in the

following order: ingestion > dermal contact > inhalation. The contributions of HQ,g, HQyup

and HQpermar t0 HI were 49.79%, 43.98% and 6.18% for adults, 90.82%, 5.41% and 3.76%
for children, respectively, which demonstrate that ingestion was the route of exposure of
heavy metals in soils and PM in the two towns of Arandis and Karibib. These results are in
agreement with those reported in other studies (H. Li, Qian, Hu, Wang, & Gao, 2013; X. Li et
al., 2013; Liu, Yan, Birch, & Zhu, 2014; Mohmand et al., 2015; Wang et al., 2016).

4.6.2 Assessment of carcinogenic health risk due to heavy metal exposure

The cancer risk (CRA) for the selected heavy metals (Cr, As, Cd and Pb) in soil was
estimated for ingestion, inhalation and dermal mode of exposure for both adults and children
living in the town of Arandis and the results are presented in Table 4.13. The results showed
that the total cancer risk (CRA) due to exposure to soil through the three pathways was found
to be 1.40 x 103 and 1.30 x 102 in both adults and children, respectively.

The main mode of exposure to heavy metals is through ingestion with a CRA value of
1.40 x 102 in adults and 1.30 x 1072 in children and the least is through inhalation pathway
with CRA value of 4.62 x 10 in adults and 8.21 x 108 in children. It is interesting to note
exposure to Pb poses the greatest cancer risk to the inhabitants of Arandis town than any
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other metals in all the measured samples. This is because Pb is widely distributed in the soill
due to natural processes such as breakdown of rocks and soil and partly, it can be enriched

through anthropogenic processes such as uranium mining and processing.

Table 4.13 Carcinogenic risk assessment (CRA) of each heavy metal for children and

adult population living in the town of Arandis

Pathway Heavy Metal
Adults Cr As Cd Pb Total
HQung 4.21E-06 5.49E-06 n.a 1.39E-03  1.40E-03
HQqha 4.06E-09 5.21E-11 4.89E-10 2.64E-11  4.62E-09
HQpermar  N.@ 1.67E-07 n.a n.a 1.67E-07
Total 4.21E-06 5.66E-06 4.89E-10 1.39E-03 1.40E-03
Children
HQung 3.93E-05 5.13E-05 n.a 1.29E-02  1.30E-02
HQnha 1.13E-08 1.45E-10 1.36E-09 7.35E-11 1.29E-08
HQpermar  N.@ 8.21E-08 n.a n.a 8.21E-08
Total 3.93E-05 5.14E-05 1.36E-09 1.29E-02 1.30E-02

The results for carcinogenic risk assessment (CRA) of the selected heavy metals for
children and adult population living in the town of Karibib are shown in Table 4.14. Table 4.14
shows that the order cancer risk exposure was: ingestion > dermal > inhalation for both
children and adults. The total cancer risk for children is higher than the adults with values of
4.25 x 10 and 3.97 x 107 respectively. The higher chances can be attributed to the law of
“Bergonie and Tribondeau’ which states the young, actively growing and undifferentiated cells
are prone to cancer than the mature, specialised and differentiated cells.

A comparison of CRA in the two towns also shows the total cancer risk is higher in the
town of Arandis than in Karibib for both adults and children. Furthermore, the computed total
cancer risk value for adults (1.40 x 10-%) and children (1.30 x 10?) in the town of Arandis,
cancer risk value of 4.25 x 10 in adults and 3.97 x 10-3in children in the town of Karibib were
higher than the worldwide average Excess Cancer Risk due to exposure to radionuclides
from terrestrial origin (0.29 x 10-3) (Taskin et al., 2009) and thus they are higher chances of

increase in cancer among the inhabitants of Arandis and Karibib town.
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Table 4.14 Carcinogenic risk assessment (CRA) of each heavy metal for children and

adult population living in the town of Karibib

Pathway Heavy metal
Adults Cr As Cd Pb Total
HQppng 2.73E-06 2.51E-06 n.a 4.20E-04 4.25E-04
HQinpa 2.63E-09 2.38E-11 454E-10  8.00E-12  3.12E-09
HQpermar  N-@ 7.63E-08 n.a n.a 7.63E-08
Total 2.73E-06 2.58E-06 4.54E-10 4.20E-04 4.25E-04
Children
HQng 2.55E-05 2.34E-05 n.a 3.92E-03  3.97E-03
HQinha 7.32E-09 6.61E-11 1.26E-09  2.23E-11  8.67E-09
HQpermar  N.@ 3.74E-08 n.a n.a 3.74E-08
Total 2.55E-05 2.34E-05 1.26E-09 3.92E-03  3.97E-03

n.a mean that the CSF data was not available from literature.
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CHAPTER 5 : CONCLUSION AND RECOMENDATIONS
5.1 Summary and conclusion

Human activities such as mineral mining and exploration may discharge large
guantities of radioactive and heavy metal bound PM into the atmosphere which can be carried
to nearby communities where it has negative effects on health and the environment (Hu et
al, 2011; Sun et al, 2013). The aim of this study was to investigate levels of radionuclides and
heavy metals in particulate matter (PM) around uranium and gold mine towns of Erongo
region in Namibia. The research sheds light on methods designated for the measurement of
environmental radioactivity and heavy metals and assesses their effects on human health
and environment. Measurements of the samples was also performed in soil samples due to
a close association between soil and PM.

One of the objectives of this study was to evaluate radionuclides concentrations and
in PM and soil associated with mining activities. This objective was achieved, and results
showed that the mean activity concentrations of 226Ra, 238U, 232Th, 4°K and 2'°Pb in the PM
and soil in the two towns of Karibib and Arandis were two times higher than the worldwide
average values. Furthermore, the activity concentrations of 226Ra was always higher than
238y, This is partly due to physicochemical properties of 226Ra as opposed to 238U. When both
radionuclides are undergoing radioactive decay, 2*U may be deposited directly into soil
surface where it can contribute to the terrestrial radiation. However, 226Ra may interact with
aerosol particles and which it is deposited on soil surface, it is lost to underground water
surfaces.

According to Gupta et al., (2010), the universal standards for safe limit of radionuclides
in soil is prescribed with a conservative upper limit of 1000 Bg.kg for 238U, 1000 Bq.kg™* and
4000 Bq.kg for “9K. Although the mean activity concentrations values of radionuclides in this
study were significantly higher than the worldwide values of 33 Bq.kg™ for 228U, 45 Bq.kg™ for
232Th and 412 Bq.kg™? for 4°K (UNSCEAR, 2000), they are within the safe limits. The
radiological parameters in the study area was considered in terms of the absorbed dose(D),
the annual effective dose equivalent (AEDE), the radium equivalent activity concentrations
(Ragq), the external hazard index (Hey), the internal hazard index (H;,). The results show that
the AEDE was less than 1 mSv.y1, the prescribed safe limits by International Commission of
Radiation Protection (ICRP).

The second objective was to determine the indoor radon concentrations in selected

households in the two mining towns of Arandis and Karibib. This objective was met and the
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results revealed that radon concentrations in the selected dwellings varied from 70 Bg.m=3to
100 Bg.m3 while the mean indoor radon concentrations was found to be 88 Bg/m? which
corresponds to an annual effective dose rate due to inhalation of radon and its decay products
2.22 mSv.y'l This value is two times higher than the worldwide average value of
1.26 mSvy*. (UNSCEAR, 2000). The obtained values are not surprising as the geology of
Erongo region of Namibia is composed of uranium bearing ores. Radon and its progeny will
be emanating from the radioactive decay of uranium in the ores and hence elevating its
concentrations in the dwellings. Other factors that can be attributed to higher concentrations
of radon and its decay products include the type of building material used for the construction
of these houses, ventilation, and time of the day. The high concentrations of radon and its
decay products in the studied dwellings pose a health risk to inhabitants of these two towns
and these factors will be elucidated on the objective of assessment of health risk due to
exposure to gamma emitting radionuclides.

The third objective in this study was to investigate levels of toxic heavy metals in soil
and this objective was met and the toxic heavy metal in soil samples were analysed for heavy
metal loads associated with mining activities in the study area. The results revealed that mean
concentrations for soil samples in mg.kg! in Arandis town was Fe (15372), Mn (214.73), Cr
(74.92), Zn (49.52), Cu (27.20), Ni (24.99), Pb (24.10), As (2.67) and Cd (0.60) while in
Karibib town was Fe (4897.60), Mn (115.46), Cr (48.58), Zn (25.52), Ni (24.11), Cu (11.76),
Pb (7.30), As (1.22), and Cd (0.56). The obtained values were compared with results from
other countries, FAO/WHO soil guidelines and they were found to be within the allowable
limits. The degree of heavy metal pollution was quantified by evaluation of four indices and
these are: contamination factor (CF), enrichment factors (EF), pollution load index (PLI)
geoaccumulation index (lgeo). Since the pollution load index (PLI) <1, the geoaccumulation
index had negative values for most of the measured samples in this study, the contamination
factor (CF), it can be concluded that the soils are not polluted. A correlation analysis between
different metals indicates that these variables may be derived from a common origin,
especially from mining activities and natural processes such as weathering.

The fourth objective was to conduct a morphological analysis of PM associated with
mining activities. In addition to this objective, the respiratory inhalable fraction (IF) and
deposition fraction (DF) in the PM in the two towns of Karibib and Arandis was also
determined to establish their relationship with particle size as these are potentially hazardous

to the inhabitants of this area. The morphology of the particles identified ranges from slate,
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elongated, to irregular and with some showing some smooth edges. The PM samples in the
studied area were analysed for elemental composition and characterise the major particles.
All the samples collected from the two towns of Karibib and Arandis were found to composed
of the following elements in different proportions: C, O, Na, Mg, Si, P, K, Ca, Ti, Fe and Cu.
Based on the amount of elements present in each particle, it can be concluded that the
identified major particles in PM samples in the study area were: biogenic particles, soot,
aggregates, aluminosilicates, mineral particles, quartz particles, clay particles, and non-
biogenic C rich particles. Furthermore, polynomial regression was applied to determine the
relationship between the particle size and respiratory inhalable fraction (IF), particle size and
deposition fraction in the PM. The results showed a strong correlation relationship of R =0.99
between respiratory inhalabity (IF) and particle size i.e. an increase inhalable fraction as the
particle diameter becomes small. Similarly, the same trend is observed between deposition
fraction (DF) and particle size. The findings are consistence with previous studies on the
investigation of total deposition of PM in healthy lungs under controlled breathing conditions
(Jaques and Kim, 2000; Daigle et al., 2003), who have indicated that total lung deposition
increases with a decrease in patrticle size within the ultrafine size range.

This relationship between particle size, inhalability and deposition of PM in the

respiratory system is critical for assessment of potential health effects of inhaled particles.
Since the findings from this study shows PM <1 are the dominant fractions, it can be
concluded that there is need to take preventative measures by the inhabitants of these two
mining towns so as to minize cancer induced by these patrticles as they can be inhaled and
deposited in the alveolar lining where they can enter the blood stream and cause biological
damage.
The final objective was to evaluate the human health risk due to exposure to gamma-emitting
radionuclides and heavy metals associated with mining activities in the study area and this
objective was achieved. The measured radionuclides in the soil and PM in the studied area
were evaluated for Excess Lifetime Cancer Risk (ELCR) and the mean values was found to
be 0.43 x 10°3. The findings illustrate that the ELCR in the studied area is one and half times
higher than the world average of 0.29 x 10 (Taskin et al., 2009). This implies that the
chances of having cancer by the general populace is higher due to activity of the
radionuclides.

As a complementary to assessment of health risk due to exposure to gamma-emitting

radionuclides, carcinogenic and non-carcinogenic health risk exposure due to heavy metals
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were also assessed in the measured samples. Non carcinogenic risk of heavy metals for
adults and children through different exposure pathways in all the samples were evaluated
and it was found that the total HQ children (Karibib town: 3.86 x 10! and Arandis town:
7.04 x 101) is higher than adults (Karibib town: 8.83 x 102 and Arandis town: 1.52 x 10%).
The findings show that the hazard quotient (HQ) of all heavy metals from the towns of Arandis
and Karibib were less than 1 in all the collected samples. Since HQ is <1, then there is no
non-carcinogenic significant risk to the populations in these towns.

Carcinogenic health risk in heavy were performed on four of the most toxic metals and
these are: Cr, As, Cd and Pb. The findings on for carcinogenic risk assessment (CRA) in the
selected toxic metals were in order of: ingestion > dermal > inhalation for both children and
adults in the studied area. It can also be deduced that children are more vulnerable cancer
due to exposure to toxic metals as compared to adults in both mining towns. For example, in
Karibib town the CRA for children was 3.97 x 102 compared to 4.25 x 10 for adults and this
can be attributed to the fact that children have actively growing cells which are prone to
cancer induction as opposed to adults. According to US Environmental Protection Agency,
the acceptable limit for cancer risk for regulatory purpose ranges between 1 x10° and
1 x 104 (USEPA, 1989) and the results from this study does not fall within these limits. It can
be concluded that the radionuclides and heavy metal content in PM and soil in the two mining

towns should be monitored to reduced ailment due to exposure to the pollutants.

5.2 Recommendations for future directions

The results of this study indicate the distribution of 2?6Ra, 2°Pb, 238U, 232Th and %°K in PM
and soil samples in the town of Karibib and Arandis of Erongo region of Namibia. In order to
obtain a statistically significance information on the distribution of these radionuclides in the
environment, the number of samples and the geographical analysed can be increased. The
initial intention was to take measurements at least three times a year and assess the seasonal
variation of theses radionuclides in each geographical location. If the research is performed
on a large scale, the results can be used to draw up a radiological map for the given
geographical location. Another school of thought equally important in future studies is to
evaluate the relationship between grain size of PM and radioactivity and this will be critical in
assessment of the potential health hazards of these radionuclides. Physico-chemical

parameters such as soil pH, temperature, electrical conductivity, type of soil also affect the
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migration of radionuclides and heavy metals. The relationship between the transport,
migration of radionuclides and heavy metals can be interesting areas of research in the future.
It is well documented that radon gas and its progeny contributes more than 50 % to
the total natural radiation received by human beings. In this study, fewer samples were
analysed by passive solid-state nuclear track detectors (SSND). There are short term and
seasonal variation in radon gas and its progeny in each geographical location. The original
intention was to collect samples three times a year, but this was not possible because of
logistical and time limitations. Also, in important to consider is in situ measurements of indoor
radon gas and its progeny as these improves the accuracy of the results. These should be
considered in future studies. Further studies are also suggested in the developing a
laboratory method to investigate the evaporative effect of radon exhalation rate and
geochemical speciation of radionuclides such 238U in the soil in Erongo region of Namibia.
In cancer risk assessment due to exposure to radionuclides and heavy metal
exposure, future studies may consQider using the complementary lung model to mimic the
conditions that exists in the real world. Parameters such as the inhalability of particles,
deposition, ventilation rate, duration of exposure may also be considered in future studies.
A further study can also be done to include investigation the concentration of
radionuclides and heavy metals in water and vegetation from the mining towns.
Radionuclides and heavy metals associated with mining sites can be deposited in soil and
water bodies and these can be taken up by plants via the food chain. This study could not be
extended to cover radionuclides and heavy metals in plant and water bodies because of

logistics and time limitations.
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APPENDIX A

Table A1 The sample matrix, sample identities and their corresponding locations in the town

of Karibib
Matrix Geographical Position System
(GIS)

Soll Particulate matter Indoor radon | Latitude (S) Longitude (E)
Sample ID Sample ID Sample ID

KS1 KPM1 KR1 21°56'31.3” 15°51°'569.2”
KS2 KPM2 KR2 21°55°39.1” 15°52’06.4”
KS3 KPM3 KR3 21°55°39.1” 15°52’03.1”
KS4 KPM4 KR4 21°55'48.2” 15°51°37.7”
KS5 KPM5 KR5 21°55°44.7” 15°51°52.1”
KS6 KPM6 KR6 21°55’45.3” 15°51’47.0”
KS7 KPM7 KR7 21°56'16.4” 15°51°32.1”
KS8 KPM8 KR8 21°56'34.7” 15°50°46.5”
KS9 KPM9 KR9 21°56'38.8” 15°50°58.5”
KS10 KPM10 KR10 21°56'39.2” 15°50°'52.1”
KS11 KPM11 KR11 21°56’39.1” 15°50°07.0”
KS12 KPM12 KR12 21°56'30.1” 15°51°14.2”
KS13 KPM13 KR13 21°56'15.8” 15°51°38.5”
KS14 KPM14 KR14 21°56'15.6” 15°51°55.8”
KS15 KPM15 KR15 21°56'20.3” 15°49°'65.7"
KS16 KPM16 KR16 21°56'22.0” 15°49°01.5”
KS17 KPM17 KR17 21°56'22.4” 15°50°'02.8”
KS18 KPM18 KR18 21°56'23.6” 15°50°'02.9”
KS19 KPM19 KR19 21°56'23.6” 15°50°09.3”
KS20 KPM20 KR20 21°56'24.6” 15°50°09.6”
KS21 KPM21 KR21 21°56'24.6” 15°50°05.3”
KS22 KPM22 KR22 21°56’'32.8” 15°50°'05.4”
KS23 KPM23 KR23 21°55'43.9” 15°51°52.6”
KS24 KPM24 KR24 21°55'45.5” 15°51°'56.1”
KS25 KPM25 KR25 21°55’40.8” 15°51°53.4”
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Table A2 The sample matrix, sample identities and their corresponding locations in the town

of Arandis
Matrix Geographical Position System
(GIS)

Soll Particulate matter Indoor radon | Latitude (S) Longitude (E)
Sample ID Sample ID Sample ID

AS1 APM1 AR1 22°25°15.6” 14°58’33.5”
AS2 APM2 AR2 22°25'05.9” 14°58°30.7”
AS3 APM3 AR3 22°25°01.8” 14°58’25.6”
AS4 APM4 AR4 22°25°07.2” 14°58’17.7”
AS5 APM5 AR5 22°25'05.0” 14°58°'10.5”
AS6 APM6 ARG 22°24°56.6” 14°58’14.2”
AS7 APM7 AR7 22°24°52.3” 14°58°23.0”
AS8 APM8 ARS8 22024°48.2” 14°58'21.1”
AS9 APM9 AR9 22°24°42 17 14°58°23.7”
AS10 APM10 AR10 22°24°'42.6” 14°58°27.8”
AS11 APM11 AR11 22°24’51.5” 14°58°35.2”
AS12 APM12 AR12 22°24’'51.3” 14°58'42.5”
AS13 APM13 AR13 22024’52.2” 14°58'48.1"
AS14 APM14 AR14 22°24’55.5” 14°58’48.2”
AS15 APM15 AR15 22°24’57.5” 14°58'48.6"
AS16 APM16 AR16 22°24’54.6” 14°58'45.2”
AS17 APM17 AR17 22°25'00.2” 14°58°41.0”
AS18 APM18 AR18 22°25'03.8” 14°58'41.1”
AS19 APM19 AR19 22°25'04.6” 14°58'33.8”
AS20 APM20 AR20 22°25'10.4” 14°58°24.5”
AS21 APM21 AR21 22°25'12.8” 14°58°20.4”
AS22 APM22 AR22 22°25'17.4” 14°58’18.5”
AS23 APM23 AR23 22°25'20.8” 14°58°23.0”
AS24 APM24 AR24 22°25'23.9” 14°58°21.5”
AS25 APM25 AR25 22°25'04.1” 14°58°'11.6”
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Table A3 Activity concentrations in PM samples collected from the two towns of Arandis and Karibib

Sample no Activity concentrations (Bq.kg”-1)
Ra-226 U-238 Th-232 K-40 Pb-210

APM1 65.29 | + 1.17 47.77 | £ 2.60 79.43 |+ | 1.88 980.00 | + | 14.50 78.00 | + 3.20
APM?2 58.50 | + 1.44 47.77 | £ 2.43 37.33 |+ | 1.14 716.20 |+ | 14.26 43.69 | + 2.20
APM3 39.92 | + 0.57 61.80 | + 2.30 78.61 |+ | 1.87 567.00 |+ | 12.00 43.13 |+ | 12.39
APM4 113.72 | + 0.54 77.45 | + 3.84 76.20 |+ | 1.17 550.00 | + 9.81 79.00 |+ | 13.28
APM5 86.47 | + 0.68 97.20 | £ 1.49 67.33 |+ | 1.25 780.00 | + | 14.40 10.38 | + 1.25
APM6 81.94 | + 0.58 64.18 | + 1.82 40.76 |+ | 1.07 699.00 | + | 18.00 28.59 | + 4.56
APM7 72.33 | + 0.75 52.59 | + 3.15 70.26 | £ | 0.97 44120 |+ | 36.60| 108.70 |+ | 20.64
APM8 91.69 | + 0.58 7412 | + 2.15 75.13 |+ | 0.24 666.00 | + | 12.60 89.60 | + 5.42
APM9 72.98 | + 0.76 | 105.74 | + 3.79 24.22 |+ | 0.28 782.00 |+ | 10.53 50.10 | + 2.20
APM10 12491 | + 0.46 59.69 | + 1.29 46.93 |+ | 1.47 846.00 | + | 29.00 59.83 | + 2.00
APM11 118.29 | £ 1.35 56.45 | + 1.67 60.38 |+ | 1.05 482.00 | + 8.56 590.43 | + 1.96
APM12 123.87 | + 0.58 68.78 | + 1.91 4753 |+ | 1.02 304.00 |+ | 17.00 68.19 |+ | 13.88
APM13 177.39 | + 1.46 60.43 | + 3.58 80.32 |+ | 1.49 991.00 |+ | 20.00 41.01 |+ | 15.98
APM14 85.46 | + 0.61 81.19 |+ | 10.78 76.80 |+ | 0.52 823.50 |+ | 16.50 44.60 | + 1.26
APM15 75.22 | + 0.42| 10797 |+ 1.35 30.02 |+ | 1.50 409.00 |+ | 12.96 62.69 | + 2.19
APM16 78.63 | + 0.55 64.52 | + 0.92 48.63 |+ | 1.04 591.00 | + | 20.00 55.89 | + 7.41
APM17 79.12 | + 0.86 64.41 | + 1.28 5041 |+ | 1.14 591.00 | + | 1.846 52.89 | + 2.11
APM18 71.19 | + 0.71 54.27 | + 1.02 78.03 |+ | 1.30 959.30 |+ | 21.00 67.75 | + 2.12
APM19 54.23 | + 0.60 65.99 | + 1.79 81.08 |+ | 1.20 784.00 |+ | 14.10 39.60 | + 2.38
APM20 69.91 | + 0.47 68.98 | + 3.28 56.96 |+ | 1.03 579.00 | + | 10.73 38.98 |+ | 20.58
APM21 57.23 | + 1.00 28.72 | + 2.30 34.88 |+ | 2.22 856.33 |+ | 42.33 32.00 | + 5.40
APM22 76.11 | + 0.40 83.87 | + 4.31 64.35 |+ | 1.43 582.00 | + | 34.20 27.00 | + 2.52
APM23 78.82 | + 2.20 65.41 | + 3.31 62.47 |+ | 3.09 752.00 | + | 26.00 25.15 | + 2.97
APM24 104.20 | £ 1.71 96.67 | + 2.86 81.21 |+ | 1.53 850.00 |+ | 19.25| 120.00 |+ | 18.91
APM25 61.45 | + 1.01 65.09 | + 3.83 81.55 |+ | 3.89 602.00 | + | 12.89 52.00 | + 9.20
KPM1 65.47 | + 1.17 25.01 | + 2.09 79.34 |+ | 1.88 980.00 | + | 15.00 78.00 |+ | 12.00
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KPM2 105.87 | + 1.06 54.54 | 1.56 89.73 |+ | 3.36 399.00 | + 9.00 36.90 | + 3.72
KPM3 67.70 | £ 0.73 41.84 | + 1.30 6481 |+ | 1.51 645.00 | + 21.00 38.70 | + 7.40
KPM4 55.66 | + 1.06 51.03 | + 1.81 76.32 |+ | 1.17 1100.00 | + | 49.56 78.00 | + 6.89
KPM5 86.44 | + 0.68 4243 | + 0.73 128.47 |+ | 2.82 782.00 | + 32.00 56.20 | + 1.26
KPM6 58.22 | + 1.27 48.62 | + 291 7152 |+ | 1.89 586.00 | + 25.00 91.00 | + 2.90
KPM7 84.08 | + 2.07 42.62 | + 2.80 12560 |+ | 1.32 469.00 | + 12.78 78.25 | 9.85
KPM8 68.99 | + 0.49 7455 | £ 2.61 7530 |+ | 0.38 796.00 | + 17.32 86.00 |+ | 10.26
KPM9 112.60 | 1.29 34.38 | + 2.08 14348 |+ | 2.95 627.00 | + 22.00 26.10 | + 1.30
KPM10 123.67 | 0.65 26.98 | + 1.80 10243 |+ | 3.13 456.00 | + 23.00 38.00 | + 2.00
KPM11 52.25 | + 2.21 35.73 | + 6.29 65.01 |+ | 0.88 569.00 | + 17.90 83.00 | + 1.96
KPM12 60.87 | + 0.81 24.33 | 3.61 53.04 |+ | 1.12 987.00 | + 3.69 21.00 | £ 1.94
KPM13 79.26 | + 1.93 49.31 | 3.13 71.09 |+ | 3.32 471.00 | + 10.00 3941 | + 1.58
KPM14 85.67 | + 0.68 35.25 | + 3.13 86.18 |+ | 1.51 948.00 | + 32.00 64.50 | + 6.12
KPM15 79.51 | + 1.20 49.16 | 1.22 97.83 |+ | 2.60 409.00 | + 11.25 36.97 | + 7.82
KPM16 64.77 | £ 2.03 60.38 | + 3.48 85.71 |+ | 2.32 789.00 | + | 49.10 70.00 | + 5.67
KPM17 87.28 | + 0.85 19.00 | + 0.92 105.00 |+ | 3.96 685.00 | + 8.95 21.80 | + 1.19
KPM18 7447 | 0.84 49.71 | 1.81 8135 |+ | 1.23 602.30 | + 13.00 39.70 | + 9.95
KPM19 58.25 | + 0.97 67.33 | 1.83 36.68 |+ | 1.81 550.00 | + 32.00 55.23 | 3.80
KPM20 65.95 | + 1.70 56.18 | + 3.32 65.89 |+ | 1.02 656.00 | + 20.00 98.00 | + 5.80
Min 39.92 | + 0.40 19.00 | + 0.73 2422 |+ | 0.24 304.00 | + 3.69 10.38 | + 1.19
Max 177.39 | + 2.21 107.97 |+ | 10.78 14348 | + | 3.96 1100.00 | + | 49.56 120.00 |+ | 20.64
Mean 81.24 | + 1.00 57.99 | 2.61 7210 | +| 1.67 682.00 | +| 19.81 55.89 | + 6.21
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Table A4 Radiological parameters in PM samples, absorbed dose (D), Annual effective dose equivalent (AEDE), radium equivalent
activity concentrations (Raeq) and external hazard index (Hex) in the two towns of Arandis and Karibib in Erongo region

Sample ID (D) (Raeq) Bg/kg AEDE (external) (ELCR) x 103 Hazard Indices
nGy/h mSv/y (Hex)
APM1 111.21 236.83 0.68 0.48 0.77
APM2 74.70 156.30 0.46 0.32 0.55
APM3 99.85 217.87 0.61 0.43 0.76
APM4 104.91 228.77 0.64 0.45 0.83
APM5 118.33 253.54 0.73 0.51 0.95
APM6 83.63 176.29 0.51 0.36 0.65
APM7 85.26 187.03 0.52 0.37 0.65
APM8 107.59 232.84 0.66 0.46 0.83
APM9 96.32 200.58 0.59 0.41 0.83
APM10 91.45 191.93 0.56 0.39 0.68
APM11 82.79 179.91 0.51 0.36 0.64
APM12 73.25 160.15 0.45 0.31 0.62
APM13 118.06 251.60 0.72 0.51 0.84
APM14 118.49 254.43 0.73 0.51 0.91
APM15 85.19 182.39 0.52 0.37 0.78
APM16 84.00 179.56 0.52 0.36 0.66
APM17 90.46 194.88 0.55 0.39 0.70
APM18 112.49 239.72 0.69 0.48 0.79
APM19 112.39 242.30 0.69 0.48 0.83
APM20 90.59 195.02 0.56 0.39 0.71
APM21 70.30 144.54 0.43 0.30 0.47
APM22 102.06 220.70 0.63 0.44 0.82
APM23 99.54 212.65 0.61 0.43 0.75
APM24 129.41 278.25 0.79 0.56 1.01
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APM25 104.61 228.06 0.64 0.45 0.79
Mean (Arandis) 97.88 209.85 0.60 0.42 0.75
KPM1 100.64 213.93 0.62 0.43 0.65
KPM2 96.16 213.58 0.59 0.41 0.72
KPM3 85.57 184.18 0.52 0.37 0.61
KPM4 115.87 244.87 0.71 0.50 0.80
KPM5 130.04 286.36 0.80 0.56 0.89
KPM6 90.27 196.02 0.55 0.39 0.66
KPM7 115.25 258.34 0.71 0.49 0.81
KPM8 113.35 243.52 0.70 0.49 0.86
KPM9 128.88 287.84 0.79 0.55 0.87
KPM10 93.48 208.56 0.57 0.40 0.64
KPM11 79.67 172.51 0.49 0.34 0.56
KPM12 84.73 176.18 0.52 0.36 0.54
KPM13 85.50 187.24 0.52 0.37 0.64
KPM14 108.16 231.49 0.66 0.46 0.72
KPM15 98.98 220.56 0.61 0.42 0.73
KPM16 112.81 243.70 0.69 0.48 0.82
KPM17 100.97 221.89 0.62 0.43 0.65
KPM18 97.40 212.42 0.60 0.42 0.71
KPM19 76.36 162.13 0.47 0.33 0.62
KPM20 93.30 200.91 0.57 0.40 0.69
MEAN (Karibib) 100.37 218.91 0.62 0.43 0.71
Min 70.30 144.54 0.43 0.30 0.47
Max 130.04 287.84 0.80 0.56 1.01
Mean 98.98 213.61 0.61 0.42 0.73
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Table A5 Radionuclides concentrations in soil samples from the two towns of Arandis and Karibib in Erongo region

Sample no Activity concentrations (Bq.kg”-1)
Ra-226 U-238 Th-232 K-40 Pb-210

AS1 60.44 | + 0.76 50.13 | + 2.76 | 103.07 | + 1.27 792.00 | + 5,50 | 109.00 | + 5.10
AS2 112.25 | + 3.01 50.13 | + 3.91| 100.63 |+ 2.57 716.20 | + 9.61| 115.60 |+ | 13.10
AS3 80.59 | + 2.13 59.17 | + 4,71 88.13 | + 2.06 971.00 | + 9.70 92.00 | + 6.98
AS4 115.31 | + 4.87 58.57 | + 2.26 | 110.82 |+ | 10.70 650.00 | + 8.10 76.55 |+ | 10.43
AS5 76.17 | + 3.96 65.41 | + 5.76 46.76 | £ 1.02 989.00 |+ | 18.70 | 116.80 |+ | 23.00
AS6 61.62 | + 1.07 60.55 | + 7.85 71.98 | + 1.07 811.00 | + 9.49 62.00 | + 7.80
AS7 120.84 | + 1.08 83.35| + 2.05 90.91 | + 1.16 644.00 | £ | 24.00 53.20 | + 3.60
AS8 69.81 | + 1.56 56.15 |+ | 16.08 70.13 | + 0.24 966.00 | + 6.97 | 125.00 | + 9.46
AS9 72.98 | £ 0.76 78.50 | + 3.79 24.22 | 0.28 782.00 | £ | 31.00 50.10 | + 2.20
AS10 77.25 | + 1.29 59.69 | + 2.06 | 12244 |+ 2.10 982.00 |+ | 20.00| 118.00 |+ | 29.50
AS11 112.06 | + 3.24 61.18 | + 410 | 126.72 | 5.58 72990 |+ | 21.60| 121.00 |+ | 16.22
AS12 129.62 | + 0.85 78.32 | + 1.91 55.02 | + 2.43 784.00 | + | 15.18 89.88 |+ | 12.60
AS13 92.81 | + 1.65 68.07 | + 1.96 64.17 | + 2.16 961.00 |+ | 12.64 65.13 | + 9.80
AS14 135.29 | + 12.82 70.50 | + 4.77 95.38 | + 7.73 823.50 |+ | 23.10 84.00 | + 1.26
AS15 75.56 | + 2.11 69.44 | + 1.35 70.41 | + 1.50 809.00 | + | 16.82 62.69 | + 2.19
AS16 120.13 | + 2.60 45.66 | + 2.81 78.40 | + 1.53 757.00 | + | 10.00| 119.00 | + 8.04
AS17 55.79 | + 1.11 62.30 |+ | 1859 | 102.77 |+ | 17.33 648.00 | + | 14.80 89.00 | + 5.32
AS18 70.15 | + 1.72 72.77 | + 2.10 97.65 | + 2.05 984.00 | + | 11.28 67.75 | £ 2.12
AS19 67.03 | + 1.43 54.70 | + 2.59 63.47 | + 3.00 820.00 | + | 10.00 56.78 | + 2.10
AS20 52.69 | + 1.01 75.47 | + 5.21 91.40 | + 1.03 658.00 | + 7.89 72.30 | £ 5.80
AS21 59.25 | + 0.60 55.84 | + 0.79 63.83 | + 2.22 633.00 |+ | 18.00 68.00 | + 3.60
AS22 100.31 | + 1.42 41.39 | + 2.27 73.85 | + 2.67 840.00 | + | 21.00 72.00 | + 2.60
AS23 79.04 | + 2.34 40.94 | + 1.36 64.02 | + 2.10 766.00 |+ | 26.00 87.00 | + 3.40
AS24 97.09 | + 0.83 42.43 | + 0.75 67.48 | + 0.71 989.00 |+ | 22.00 | 120.00 |+ | 18.91
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AS25 85.96 | + 0.66 60.67 | + 2.01 65.25 | 0.86 878.00 | + 8.90 | 119.00 | + 9.20
KS1 43.69 | + 1.09 22.24 | + 0.78 55.16 | + 1.19 887.00 | + | 12.60 35.00 | + 2.60
KS2 45.35 | 1.03 33.03 | + 1.25 50.92 | + 2.31 900.00 |+ | 17.30 52.94 | + 0.90
KS3 44.87 | + 0.67 3259 | + 0.80 34.47 | 0.79 716.00 | + | 26.00 62.91 | + 2.90
KS4 41.99 | + 0.96 37.61 |+ 0.80 69.86 | + 0.69 694.23 |+ | 36.10 31.62 | + 3.12
KS5 88.98 | + 1.61 40.31 | + 0.74] 157.81 | + 5.20 857.00 | + | 32.00 62.47 | + 2.60
KS6 35.77 | £ 0.66 60.66 | + 0.94 50.80 | + 0.96| 1058.00 |+ | 42.00 95.62 | + 2.92
KS7 54.18 | + 1.85 49.66 | + 5.65 50.05 | + 0.77 495.00 | + | 16.20 31.00 | + 1.85
KS8 25.22 | + 0.75 63.94 | + 0.86 64.48 | + 2.11 815.00 | + | 11.10 46.00 | + 2.73
KS9 3441 | + 2.30 50.84 | + 151 64.70 | + 1.72 778.00 |+ | 17.00 46.00 | + 2.00
KS10 23.80 | + 1.16 34.23 | 1.07 65.80 | + 1.47 778.00 | + | 32.00 65.00 | + 3.46
KS11 52.18 | + 2.20 35.95 | + 1.99 54.17 | + 1.67 823.00 | + 8.12 39.00 | + 1.00
KS12 58.17 | + 0.77 31.11 | + 2.32 49.38 | + 1.08 920.00 | + 9.80 39.00 | + 1.73
KS13 19.76 | £ 0.47 3041 | + 3.53 49.62 | 0.98 700.00 | + | 19.10 39.00 | + 1.32
KS14 33.47 | 0.93 30.20 | + 2.81 5791 | + 2.37 881.00 | + | 29.00 55.00 | + 5.50
KS15 41.98 | + 1.20 35.02 | + 1.25 40.86 | + 1.72 957.00 |+ | 17.00 56.00 | + 8.19
KS16 33.70 | £ 1.69| 108.20 |+ | 12.73 63.23 | + 2.28 645.00 | + | 32.00 66.00 | + 4.67
KS17 30.87 | + 0.62 28.00 | + 0.70 68.45 | + 1.41 685.00 | + 8.95 39.00 | + 1.20
KS18 29.58 | 2.35 47.64 | + 6.81 40.62 | + 1.23 602.30 | + | 13.00 37.00 | + 1.40
KS19 44.13 | + 131 36.39 | + 0.86 49.25 | 1.81 650.00 | + | 40.00 55.23 | + 1.39
KS20 26.11 | £ 1.35 46.00 | + 1.96 62.26 | + 0.99 656.00 | + | 20.00 52.00 | + 3.76
Min 19.76 | + 0.47 22.24 | + 0.70 2422 | £| 0.24 495.00| +| 5.50 31.00| £| 0.90
Max 13529 | + | 12.82| 108.20 | + | 1859 | 15781 | + | 17.33| 1058.00| +| 42.00| 125.00| +| 29.50
Mean 66.41 | + 1.77 52.79 | | 3.40 7130 £| 2.40 797.36 | +| 18.26 7150 | £| 5.99
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Table A6 Radiological parameters in soil samples, absorbed dose (D), Annual effective dose equivalent (AEDE), radium equivalent

activity concentrations (Raeq) and external hazard index (Hex) in the two towns of Arandis and Karibib in Erongo region

Sample ID (D) (Raeq) Bqg/kg AEDE (total) (ELCR) x 103 Hazard Indices
nGy/h mSv/y (Hex)
AS1 118.68 258.50 0.73 0.51 0.70
AS2 114.02 249.17 0.70 0.49 0.67
AS3 121.35 259.96 0.74 0.52 0.70
AS4 121.29 267.09 0.74 0.52 0.72
AS5 100.00 208.43 0.61 0.43 0.56
AS6 105.51 225.93 0.65 0.45 0.61
AS7 120.47 262.94 0.74 0.52 0.71
ASS8 108.87 230.82 0.67 0.47 0.62
AS9 83.74 173.34 0.51 0.36 0.47
AS10 142.77 310.39 0.88 0.61 0.84
AS11 135.46 298.60 0.83 0.58 0.81
AS12 102.34 217.36 0.63 0.44 0.59
AS13 110.57 233.83 0.68 0.47 0.63
AS14 124.77 270.30 0.77 0.54 0.73
AS15 108.59 232.42 0.67 0.47 0.63
AS16 100.24 216.05 0.61 0.43 0.58
AS17 118.07 259.16 0.72 0.51 0.70
AS18 133.93 288.18 0.82 0.57 0.78
AS19 98.04 208.60 0.60 0.42 0.56
AS20 117.71 256.84 0.72 0.51 0.69
AS21 90.94 195.86 0.56 0.39 0.53
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AS22 99.00 211.67 0.61 0.42 0.57
AS23 89.76 191.48 0.55 0.39 0.52
AS24 101.90 215.09 0.62 0.44 0.58
AS25 104.31 221.58 0.64 0.45 0.60
MEAN (Arandis) 113.44 245.02 0.70 0.49 0.66
KS1 80.84 169.41 0.50 0.35 0.46
KS2 83.81 175.14 0.51 0.36 0.47
KS3 65.95 137.01 0.40 0.28 0.37
KS4 88.73 190.96 0.54 0.38 0.52
KS5 149.94 331.97 0.92 0.64 0.90
KS6 103.15 214.77 0.63 0.44 0.58
KS7 73.96 159.35 0.45 0.32 0.43
KS8 102.72 218.91 0.63 0.44 0.59
KS9 95.24 203.26 0.58 0.41 0.55
KS10 88.24 188.24 0.54 0.38 0.51
KS11 83.89 176.78 0.51 0.36 0.48
KS12 82.84 172.57 0.51 0.36 0.47
KS13 73.42 155.27 0.45 0.32 0.42
KS14 85.93 180.84 0.53 0.37 0.49
KS15 81.05 167.13 0.50 0.35 0.45
KS16 115.27 248.29 0.71 0.49 0.67
KS17 83.05 178.63 0.51 0.36 0.48
KS18 71.84 152.11 0.44 0.31 0.41
KS19 73.86 156.87 0.45 0.32 0.42
KS20 86.41 185.54 0.53 0.37 0.50
Mean (Karibib) 83.66 176.98 0.51 0.36 0.48
Min 65.95 137.01 0.40 0.28 0.37
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Max

149.94

331.97

0.92

0.64

0.90

Mean (Total)

100.94

216.15

0.62

0.43

0.58
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Table A7 MDA (Bg/kg) of the radionuclides used in the analysis

Parent nuclide Daughter Gamma energy | Gamma yield MDA
line (keV) (%)

238 234Th 63.20 4.1 0.13

234Th 92.60 2.39 0.11

234mpg 1001.03 0.84 0.84

226Rg 214p| 351.9 38.9 0.12

214pp 295.2 19.7 0.14

214B;j 609.3 46.10 0.19

214B;j 1120.3 15.7 0.63

232Th 212pp 238.6 44.6 0.06

228Ac 338.3 11.4 0.29

2287 911.6 27.7 0.19

228\c 969.1 16.6 0.12

40K - 1460.20 10.67 1.92

210pp - 46.54 4.25 0.14

Table A8 Calculated mass concentrations of particulate matter (PM) samples collected in the

town of Karibib and Arandis

Karibib town Arandis town
Sample | Mass Mass D (mass | Sample | Mass Mass D (mass
ID (mg) W; | (mg) W |concentr |ID (mg) W; | (mg) W, | concentr
ations ations
(mg) (mg)
KPM1 796 1966 907 APM1 1006.3 1431.3 329.0
KPM2 789 1853 825 APM2 992.4 1690.7 541.0
KPM3 805 1306 388 APM3 992.0 1499.8 394.0
KPM4 764 1413 503 APM4 997.6 1135.7 70
KPM5 763 1009 191 APM5 1041.8 2051.0 782.0
KPM6 778 1192 321 APM6 1022.6 1890.2 673.0
KPM7 780 0930 116 APM7 1008.4 2059.6 815.0
KPM8 788 1235 347 APM8 1007.3 1387.8 295.0
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KPM9 760 1392 490 APM9 989.5 1804.8 632.0
KPM10 797 1434 494 APM10 1034.6 2135.6 853.0
KPM11 771 2281 1171 APM11 1005.5 2060.6 818.0
KPM12 805 1006 156 APM12 1010.8 1753.8 505.0
KPM13 754 0898 112 APM13 1011.4 1022.2 80
KPM14 761 0866 081 APM14 1005.5 1789.3 608.0
KPM15 769 0921 118 APM15 998.1 1550.2 428.0
KPM16 791 1058 207 APM16 994.0 1948.0 740.0
KPM17 790 0994 158 APM17 1005.1 1281.5 214.0
KPM18 765 1036 210 APM18 1001.8 2051.3 814.0
KPM19 757 1889 878 APM19 1023.4 1408.4 298.0
KPM20 791 0908 91 APM20 992.0 1119.5 99.0
KPM21 766 0940 135 APM21 1017.2 2331.0 1018.0
KPM22 789 0895 85 APM22 992.4 1119.5 99.0
KPM23 786 1125 263 APM23 998.0 1582.2 453.0
KPM24 738 867 100 APM24 1002.8 2057.0 817.0
KPM25 795 939 112 APM25 998.4 1757.5 588.0
Min 80 Min 70
Max 1170 Max 1020
Mean 340 Mean 520

Surface area of opening of the bucket (A) = 0.043 m?

Duration of sampling (days) (T) = 30 days

Mass (mg) W; — net weight of the filter

Mass (mg) W — weight of filter + sample
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Table A8 Exposure and radon gas concentration in dwellings in the town of Karibib and Arandis

SAMPLE RADON GAS
ID Exposure (Bg. h. m=3) Radon Conc. (Bg/m?) HE
# Tracks Std. dev Bqg/m3 Std dev. mSv/yr

AR1 2.09E+05 1.99E+04 9.53E+01 9.09E+00 2.40
AR 2 2.12E+05 1.93E+04 9.68E+01 8.81E+00 2.44
AR 3 2.07E+05 2.01E+04 9.47E+01 9.15E+00 2.38
AR 4 2.06E+05 2.40E+04 9.38E+01 1.09E+01 2.37
AR 5 2.05E+05 1.44E+04 9.36E+01 6.55E+00 2.36
AR 6 2.01E+05 2.03E+04 9.16E+01 9.27E+00 2.31
AR 7 2.11E+05 2.03E+04 9.61E+01 9.27E+00 2.42
AR 8 2.00E+05 2.09E+04 9.12E+01 9.55E+00 2.30
AR 9 2.01E+05 2.23E+04 9.15E+01 1.02E+01 2.31
R 10 2.11E+05 2.19E+04 9.62E+01 9.99E+00 2.42
AR 11 2.02E+05 2.46E+04 9.23E+01 1.12E+01 2.33
AR 12 2.03E+05 2.11E+04 9.25E+01 9.63E+00 2.33
AR 13 2.13E+05 2.22E+04 9.71E+01 1.02E+01 2.45
AR 14 2.09E+05 2.27TE+04 9.53E+01 1.04E+01 2.40
AR 15 2.13E+05 2.29E+04 9.73E+01 1.04E+01 2.45
AR 16 2.18E+05 2.30E+04 9.97E+01 1.05E+01 251

172




AR 17 2.12E+05 2.10E+04 9.68E+01 9.58E+00 2.44
AR 18 2.04E+05 1.06E+04 9.31E+01 4.85E+00 2.35
AR 19 2.14E+05 2.85E+05 9.76E+01 1.30E+01 2.46
AR 20 2.03E+05 2.34E+04 9.27E+01 1.07E+01 2.34
AR 21 2.09E+05 2.29E+04 9.54E+01 1.04E+01 2.41
AR 22 2.12E+05 1.47E+04 9.69E+01 6.73E+00 2.44
AR 23 2.17E+05 1.16E+04 9.88E+01 5.27E+00 2.49
AR 24 2.00E+05 2.60E+05 9.13E+01 1.18E+01 2.30
AR 25 2.01E+05 2.40E+04 9.19E+01 1.10E+01 2.32
KR1 1.78E+05 1.45E+04 8.13E+01 6.62E+00 2.05
KR2 1.93E+05 1.45E+04 8.81E+01 6.62E+00 2.22
KR3 1.62E+05 1.47E+04 7.40E+01 6.71E+00 1.87
KR4 1.88E+05 1.49E+04 8.58E+01 6.80E+00 2.17
KRS 1.82E+05 1.59E+04 8.36E+01 7.26E+00 2.11
KR6 1.85E+05 1.50E+04 8.45E+01 6.85E+00 2.13
KR7 1.60E+05 1.38E+04 7.31E+01 6.30E+00 1.84
KR8 1.61E+05 1.48E+04 7.35E+01 6.76E+00 1.85
KR9 1.77E+05 1.51E+04 8.08E+01 6.89E+00 2.04
KR10 1.55E+05 1.42E+04 7.08E+01 6.48E+00 1.79
KR11 1.81E+05 1.44E+04 8.26E+01 6.58E+00 2.09
KR12 1.68E+05 1.58E+04 7.67E+01 7.21E+00 1.94
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KR13 1.86E+05 1.40E+04 8.49E+01 6.39E+00 2.14
KR14 1.62E+05 1.49E+04 7.40E+01 6.80E+00 1.87
KR15 1.58E+05 1.51E+04 7.21E+01 6.89E+00 1.82
KR16 1.77E+05 1.52E+04 8.08E+01 6.94E+00 2.04
KR17 1.87E+05 1.42E+04 8.54E+01 6.48E+00 2.15
KR18 1.61E+05 1.42E+04 7.35E+01 6.48E+00 1.85
KR19 1.63E+05 1.35E+04 7.44E+01 6.16E+00 1.88
KR20 1.89E+05 1.41E+04 8.63E+01 6.44E+00 2.18
Min 71 1.79
Max 100 2.51
Mean 88 2.22
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APPENDIX B
Table B1 The concentration of Heavy (mg/kg) in soil samples collected from the town of

Arandis of Erongo region

Arandis
Town The concentration of heavy (mg/kg) in soil samples

Sample | Cr Mn Fe Ni Cu Zn As Cd Pb
ID
AS1 102.5 | 249.5 | 16500 71.36 |31.21 33.29 | 281 0.62 |43.13
AS2 82.23 |259.5 |19010 33.20 |32.80 56.67 | 3.10 0.64 | 31.24
AS3 58.31 |166.1 | 14020 23.32 |31.10 |105.30| 3.01 0.79 | 79.68
AS4 77.26 |268.0 | 16570 21.61 |31.75 59.59 | 3.48 0.66 | 29.86
AS5 73.88 |353.4 | 19940 21.49 |26.30 4181 | 294 | 0.61 18.99
AS6 58.59 |253.6 | 13460 18.36 | 23.31 2957 | 249 | 0.65 16.57
AS7 67.07 |177.1 |13340 |20.01 |31.52 39.86 | 2.39 | 0.63 |15.39
ASS8 63.09 |117.3 | 8510 17.00 |22.82 33.14 | 251 | 0.62 11.23
AS9 60.42 |161.3 | 13220 17.57 | 21.08 29.10 | 2.23 | 0.58 9.30
AS10 66.38 |345.9 | 15800 21.07 | 21.07 30.97 | 2.98 | 0.59 11.04
AS11 92.65 |393.5 | 26550 30.48 | 37.97 7715 | 3.05 | 0.62 |27.60
AS12 83.07 |243.4 |17670 22.00 |37.96 60.22 3.74 0.63 | 30.06
AS13 65.41 |90.27 | 8140 15.92 | 25.75 4417 1.71 0.56 31.53
AS14 72.22 |135.1 | 12420 19.05 |20.91 35.83 1.77 0.55 17.96
AS15 77.66 |179.4 | 15200 21.21 | 26.44 51.71 3.25 0.54 | 15.58
AS16 107.7 | 235 19410 |40.48 |33.20 58.63 3.38 0.62 | 24.62
AS17 67.65 |164.4 | 12440 19.26 | 25.75 32.03 2.21 0.53 13.90
AS18 66.45 |143.4 |10870 16.54 | 18.52 38.29 2.28 0.53 1491
AS19 71.89 |166.9 | 14450 21.61 |19.46 37.93 | 1.97 0.52 19.44
AS20 |84.05 |191.6 |19930 |28.30 | 25.09 | 95.12 | 2.18 0.55 |[19.99
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Table B2 The concentration of heavy (mg/kg) in soil samples collected from the town of
Karibib of Erongo region

Karibib

Town The concentration of Heavy (mg/kg) in soil samples

Sample | Cr Mn Fe Ni Cu Zn As Cd Pb
ID

KS1 1142 | 154 9309 216.1 |19.51 |65.16 |1.51 0.71 10.7
KS2 60.46 |148.5 | 7139 52.47 |11.82 20.4 1.10 | 0.63 5.96
KS3 49.19 |157.4 |6253 1598 | 7.95 14.84 1.58 | 0.55 4.36
KS4 44.35 |111.2 | 4028 13.06 |39.98 |14.43 |1.08 0.58 3.99
KS5 52.66 |184.7 | 8208 15.79 |17.12 |69.44 |2.56 0.65 21.10
KS6 41.6 43.34 | 1428 10.71 | 11.49 |4.22 0.59 0.55 1.914
KS7 4551 |157.3 | 5005 15.9 8.91 13.97 |1.19 0.69 5.22
KS8 40.73 | 73.08 | 3557 12.62 |10.41 |7.99 1.67 0.47 4.36
KS9 52.43 | 209.8 | 8859 1482 |13.88 |24.74 |1.62 0.59 10.75
KS10 39.36 | 113.3 | 4349 1264 |13.75 |173.4 |0.65 0.66 14.64
KS11 47.9 158.1 | 6677 12.4 9.80 16.82 | 1.31 0.50 7.38
KS12 47.88 |116.8 | 6396 1257 |11.25 |14.75 |1.18 0.63 6.91
KS13 45.12 |161.1 |4434 12.4 14.09 |13.78 |1.24 0.55 4.10
KS14 48.14 |91.8 5061 11.01 | 7.47 14.15 |0.64 0.54 5.53
KS15 44.49 |99.75 |4032 9.87 6.62 11.67 |1.14 0.56 5.21
KS16 4491 |98.22 | 3785 10.07 | 7.38 9.99 0.94 0.52 5.26
KS17 31.11 |56.72 | 1113 6.85 2.57 1.53 1.83 0.37 1.44
KS18 46.47 | 71.15 |3631 10.25 | 7.63 6.51 1.30 0.46 3.63
KS19 43.22 |65.1 3067 8.31 8.82 8.49 0.82 0.47 3.80
KS20 31.78 |37.81 |1621 8.34 4.81 4.11 0.46 0.50 2.43
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Table B3: Concentrations of heavy metals in soils and critical concentrations in soils
(Alloway, 1995)

Normal soll Critical soil
Metals concentrations concentrations
(mg/kg) (mg/kg)
As 0.1-40 20 - 50
Cd 0.01-2.0 3-8
Cr 5 —1500 75 -100
Cu 2 —250 60 — 125
Hg 0.01-0.5 0.3-5
Mn 20 — 10000 1500 — 3000
Ni 2-750 100
Pb 2-30 100 - 400
Sb 0.2-10 5-10
Se 0.1-5 5-10
Sn 1-200 50
\Y 3-500 50 - 100
Zn 1-900 70 — 400

APPENDIX C
Table C1 Pollution load index of the soil samples collected from the two mining towns of
Arandis and Karibib

Arandis Pollution Load Index Karibib Town Pollution Load Index
Town

AS1 2.81E-02 KS1 1.32E-02

AS2 2.29E-02 KS2 1.06E-03

AS3 2.57E-02 KS3 3.41E-04

AS4 1.80E-02 KS4 3.55E-04

AS5 1.19E-02 KS5 4.21E-03

177



AS6 4.78E-03 KS6 5.29E-05
AS7 5.58E-03 KS7 3.20E-04
ASS8 2.18E-03 KS8 1.13E-04
AS9 2.37E-03 KS9 1.31E-03
AS10 5.71E-03 KS10 1.11E-03
AS11 3.90E-02 KS11 4.10E-04
AS12 2.07E-02 KS12 3.59E-04
AS13 2.98E-03 KS13 2.70E-04
AS14 3.19E-03 KS14 1.29E-04
AS15 7.52E-03 KS15 1.24E-04
AS16 2.59E-02 KS16 1.04E-04
AS17 3.47E-03 KS17 4.17E-06
AS18 2.72E-03 KS18 6.69E-05
AS19 4.31E-03 KS19 5.15E-05
AS20 1.32E-02 KS20 7.78E-06
Min 2.18E-03 Min 4.17E-06
Max 3.90E-02 Max 1.32E-02
Mean 1.25E-02 Mean 1.18E-03

Table C2 Contamination factors (CF) and degree of contamination in soil samples collected

from the town of Karibib

Karibib | Contamination Degr
Town Factors Cont
Cr Mn Fe Ni Cu Zn As Cd Pb Con
KS1 1.27 |0.18 |0.26 (432 (043 |0.69 |0.12 |2.37 |0.67 |10.30
KS2 0.67 |0.17 |0.20 |1.05 |0.26 |0.21 |0.08 |2.10 |0.37 |5.13
KS3 0.55 | 0.19 |0.17 |0.32 |0.18 |0.16 |0.12 |1.83 |0.27 |3.79
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KS4 049 [0.13 [0.11 |0.26 |0.89 |0.15 [0.08 |1.93 |0.25 |4.30
KS5 0.59 |0.22 |0.23 |032 |0.38 [0.73 |0.20 |2.17 |1.32 |6.14
KS6 0.46 |0.05 [0.04 |0.21 |0.26 [0.04 |0.05 [1.83 |1.20 (4.14
KS7 051 {0.19 [0.14 |0.32 [0.20 |0.15 |0.09 |2.30 |0.33 |4.21
KS8 0.45 |0.09 |0.10 |0.25 |0.23 |0.08 |0.13 |1.57 |0.27 |3.17
KS9 058 |[0.25 |0.25 |0.30 |0.31 [0.26 |0.12 |1.97 |0.67 |4.70
KS10 044 [0.13 [0.12 |0.25 |0.31 [1.83 |0.05 |2.20 |0.92 |6.24
KS11 053 |0.19 |0.19 |0.25 |0.22 |0.18 |0.10 |1.67 |0.46 |3.78
KS12 053 [0.14 |0.18 |0.25 [0.25 |0.16 |0.09 |2.10 |0.43 |4.13
KS13 050 {0.19 (0.12 |0.25 |0.31 |0.15 |0.10 |1.83 |0.26 |3.71
KS14 053 |0.11 |0.24 |0.22 |0.17 |0.15 |0.05 |1.80 |0.35 |3.51
KS15 049 10.12 |0.11 |0.20 |0.15 |0.12 |0.09 |1.87 |0.33 |3.47
KS16 050 {0.12 {0.11 |0.20 |0.16 |0.11 |0.07 |1.73 |0.33 |3.32
KS17 0.35 | 0.07 |0.03 |0.14 [0.06 |0.02 |0.14 |1.23 |0.09 |2.12
KS18 0.52 |0.08 |0.10 |0.212 |0.17 |0.07 |0.10 |1.53 |0.23 |3.00
KS19 0.48 [0.08 [0.09 |0.17 [0.20 |0.09 |0.06 |1.57 |0.24 |2.96
KS20 0.35 |0.04 |0.05 |0.17 |0.11 |0.04 |0.04 |167 |0.15 |261

Table C3 Contamination factors (CF) and degree of contamination in the soil samples
collected from the town of Arandis

Arandis Degr
Town Contamination Factors Cont
Cr Mn Fe Ni Cu Zn As Cd Pb Con

AS1 114 (029 |046 |143 |0.69 |0.35 |[0.22 |2.07 |2.70 |9.34
AS2 091 |031 (053 |066 |0.73 |0.60 |0.24 |2.13 |195 |8.06
AS3 065 |0.20 (039 |047 |069 |1.11 |0.23 |2.63 |498 |11.34
AS4 086 [032 (046 (043 |0.71 (063 |0.27 |220 |1.87 |7.73
AS5 082 |042 (056 |043 |058 |044 |023 |2.03 |1.19 |6.69
AS6 065 |030 |037 |037 |052 |031 |0.19 |217 |1.04 |591
AS7 0.75 |0.212 (037 |040 |0.70 |0.42 |0.18 |2.10 |0.96 |6.09
AS8 0.70 [0.14 (024 (034 |051 |035 |0.19 |2.07 |0.70 |5.23
AS9 067 019 (037 |035 (047 |031 |0.17 193 |0.58 |5.04
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AS10 0.74 |041 |0.44 (042 (047 |0.33 [0.23 |197 |0.69 |5.69
AS11 103 |046 |0.74 |061 |0.84 |081 |[0.23 |2.07 |1.73 |852
AS12 092 (029 |049 044 (084 |063 (029 |2.10 |1.88 |7.89
AS13 0.73 |0.11 |0.23 |0.32 (057 |0.46 |0.13 |187 |1.97 |6.38
AS14 0.80 |0.16 |0.35 |0.38 (046 |0.38 [0.14 |183 |1.12 |5.62
AS15 0.86 |0.21 |0.42 |042 (059 |054 (025 |1.80 |0.97 |6.08
AS16 120 |{0.28 |054 |081 |0.74 |0.62 |0.26 |2.07 |154 |8.04
AS17 0.75 |0.19 |035 |0.39 (057 |0.34 (017 |1.77 |0.87 |5.39
AS18 0.74 |0.17 |0.30 |0.33 (041 |0.40 [0.28 |1.77 |0.93 |5.23
AS19 0.80 |0.20 |0.40 |043 (043 |0.40 |05 |1.73 |1.22 |5.76
AS20 093 |0.23 |056 |057 |056 |[1.00 [0.17 |183 |1.25 |7.09
Table C4 Enrichment ratio for the soil samples collected from the town of Karibib
Karibib | Enrichment Ratio

Town

Sample | Cr Mn Fe Ni Cu Zn As Cd Pb
ID

KS1 4.89 |0.52 0.01 [8.81 |9.79 |4.64 |33.88 |1468.03 | 27.53
KS2 3.38 | 0.36 |0.01 6.08 |6.76 |3.20 |23.39 |1013.45 | 19.00
KS3 3.14 |0.33 |0.01 |565 |6.28 |297 |21.72 |941.37 |17.65
KS4 439 |047 0.01 791 |8.78 |4.16 |30.41 |1317.58 |24.70
KS5 256 |0.27 0.01 (461 |512 |242 |17.72 |767.74 |14.40
KS6 11.62 | 1.23 |0.03 20.92 | 23.24 | 11.01 | 80.45 | 3486.09 | 65.36
KS7 3.63 |0.38 |0.01 6.53 |7.25 |3.44 |25.11 |1088.12 | 20.40
KS8 457 (1048 |0.01 |822 |9.14 |4.33 |31.62 |1370.26|25.69
KS9 236 | 025 |0.01 |425 |4.72 |224 |16.34 |708.22 |13.28
KS10 3.61 |0.38 |0.01 6.50 |7.22 |3.42 |24.99 |1083.03|20.31
KS11 286 |0.30 |0.01 |515 |572 |271 |19.81 |858.47 |16.10
KS12 299 |0.32 0.01 |[537 |597 |283 |20.67 89582 |16.80
KS13 406 |043 |0.01 731 |8.12 |3.85 |28.10 |1217.72 | 22.83
KS14 3.79 |0.40 |0.01 6.83 |7.59 |3.59 |26.27 |1138.26 | 21.34
KS15 440 |0.47 0.01 792 |8.80 |4.17 |30.47 |1320.43|24.76
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KS16 473 |050 |0.01 |852 |947 |4.48 |32.77 |1419.88 | 26.62
KS17 11.15 | 1.18 |0.03 |20.07 | 22.30 | 10.56 | 77.19 | 3344.86 | 62.72
KS18 511 |0.54 [0.01 |9.19 |10.21 |4.84 |35.34 | 1531.51|28.72
KS19 562 060 |0.01 |10.12 |11.24 | 533 |38.92 | 1686.34 | 31.62
KS20 782 |0.83 [0.02 |14.08 |15.64 |7.41 |54.14 | 2346.09 | 43.99

Table C5 Enrichment ratio for the soil samples collected from the town of Arandis

Arandis | Enrichment Ratio

Town

Sample | Cr Mn Fe Ni Cu Zn As Cd Pb
ID

AS1 248 |0.64 100 |3.11 |151 |0.76 [0.47 |4.50 5.87
AS2 1.73 |0.58 1.00 125 138 |1.13 (045 |4.03 3.69
AS3 1.66 |0.50 1.00 119 |1.77 |284 059 |6.74 12.75
AS4 1.86 |0.68 100 |[094 |153 |136 [0.58 |4.77 4.04
AS5 148 |0.75 1.00 |0.77 |1.05 |0.79 [0.41 |3.66 2.14
AS6 1.74 |AR5 |100 [098 |1.38 |0.83 |0.51 |5.78 2.76
AS7 2.01 |0.56 1.00 108 |1.89 |1.13 (049 |5.65 2.59
ASS8 2.96 |0.58 1.00 143 214 |147 [0.81 |8.72 2.96
AS9 1.82 |0.52 1.00 |095 |1.27 |0.83 [0.47 |5.25 1.58
AS10 1.68 |0.92 1.00 |[096 |1.06 |0.74 |[0.52 |4.47 1.57
AS11 1.39 |0.63 100 |082 |1.14 |1.10 [0.32 |2.79 2.33
AS12 1.88 |0.58 1.00 |0.89 |1.71 |1.29 [0.58 |4.27 3.82
AS13 3.21 | 0.47 1.00 140 |252 |205 |[0.58 |8.23 8.69
AS14 2.32 |0.46 1.00 110 |1.34 |1.09 [0.39 |5.30 3.24
AS15 2.04 |0.50 1.00 1.00 [1.39 |1.29 (059 |4.25 2.30
AS16 221 |0.51 1.00 150 |1.36 |1.14 (048 |3.82 2.85
AS17 2.17 |0.56 1.00 111 165 |097 (049 |5.10 251
AS18 244 |056 |[1.00 |[1.09 |136 |1.33 |058 |5.83 3.08
AS19 198 |0.49 1.00 1.07 |1.07 |099 [0.38 |4.31 3.02
AS20 168 |041 1.00 1.02 |1.00 |1.80 |[0.30 |3.30 2.25
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Table C6 The Geoaccumulation Index values(lgeo) for the heavy metals in soil samples
collected in the two towns of Karibib
Karibib Geoaccumulation (Igeo) index of heavy metals
Town
Sample | Cr Mn Fe Ni Cu Zn As Cd Pb
ID
KS1 -0.241 | -3.049 | -2.532 | 1.527 |-1.791 | -1.129 | -3.691 | 0.658 -1.165
KS2 -1.159 | -3.102 | -2.915 | -0.515 | -2.514 | -2.804 | -4.148 | 0.485 -2.010
KS3 -1.457 | -3.018 | -3.106 | -2.231 | -3.086 | -3.263 | -3.625 | 0.290 -2.461
KS4 -1.606 | -3.519 | -3.741 | -2.522 | -0.756 | -3.304 | -4.174 | 0.366 -2.589
KS5 -1.358 | -2.787 | -2.714 | -2.248 | -1.979 | -1.037 | -2.929 | 0.531 -0.186
KS6 -1.698 | -4.879 | -5.237 | -2.808 | -2.555 | -5.078 | -5.047 | 0.290 -0.326
KS7 -1.569 | -3.019 | -3.428 | -2.238 | -2.921 | -3.351 | -4.034 | 0.617 -2.201
KS8 -1.729 | -4.125 | -3.920 | -2.571 | -2.697 | -4.157 | -3.546 | 0.063 -2.461
KS9 -1.364 | -2.603 | -2.604 | -2.339 | -2.282 | -2.526 | -3.589 | 0.391 -1.159
KS10 -1.778 | -3.492 | -3.630 | -2.569 | -2.295 | 0.283 | -4.907 | 0.553 -0.713
KS11 -1.495 | -3.012 | -3.012 | -2.597 | -2.784 | -3.083 | -3.896 | 0.152 -1.701
KS12 -1.495 | -3.448 | -3.074 | -2.577 | -2.585 | -3.272 | -4.047 | 0.485 -1.796
KS13 -1.581 | -2.984 | -3.602 | -2.597 | -2.260 | -3.370 | -3.975 | 0.290 -2.549
KS14 -1.488 | -3.796 | -3.411 | -2.768 | -3.176 | -3.332 | -4.929 | 0.263 -2.118
KS15 -1.601 | -3.676 | -3.739 | -2.926 | -3.350 | -3.610 | -4.096 | 0.316 -2.204
KS16 -1.588 | -3.698 | -3.831 | -2.897 | -3.193 | -3.834 | -4.375 | 0.209 -2.190
KS17 -2.118 | -4.490 | -5.596 | -3.453 | -4.715 | -6.541 | -3.414 | -0.282 -4.059
KS18 -1.539 | -4.163 | -3.891 | -2.871 | -3.145 | -4.452 | -3.907 | 0.032 -2.725
KS19 -1.643 | -4.292 | -4.134 | -3.174 | -2.936 | -4.069 | -4.572 | 0.063 -2.659
KS20 -2.087 | -5.076 | -5.054 | -3.169 | -3.811 | -5.116 | -5.406 | 0.152 -3.304
Min -2.118 | -5.076 | -5.596 | -3.453 | -4.715 | -6.541 | -5.406 | -0.282 -4.059
Min -0.241 | -2.603 | -2.532 | 1.527 | -0.756 | 0.283 | -2.929 | 0.658 -0.186
Mean -1.530 | -3.612 | -3.659 | -2.377 | -2.742 | -3.352 | -4.115 | 0.296 -2.029
WSRA 90 850 35900 | 50 45 95 13 0.3 16
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Table C7 The Geoaccumulation (Igeo) Index values for the heavy metals in soil samples
collected in the two towns of Arandis

Arandis Geoaccumulation (Igeo) index of heavy metals

Town

Sample | Cr Mn Fe Ni Cu Zn As Cd Pb

ID

AS1 -0.397 | -2.353 | -1.706 | -0.072 | -1.113 | -2.098 | -2.795 | 0.462 0.846
AS2 -0.715 | -2.297 | -1.502 | -1.176 | -1.041 | -1.330 | -2.653 | 0.508 0.380
AS3 -1.211 | -2.940 | -1.941 | -1.685 | -1.118 | -0.436 | -2.696 | 0.812 1.731
AS4 -0.805 | -2.250 | -1.700 | -1.795 | -1.088 | -1.258 | -2.486 | 0.553 0.315
AS5 -0.870 | -1.851 | -1.433 | -1.803 | -1.360 | -1.769 | -2.730 | 0.439 -0.338
AS6 -1.204 | -2.330 | -2.000 | -2.030 | -1.534 | -2.269 | -2.969 | 0.531 -0.534
AS7 -1.009 | -2.848 | -2.013 | -1.906 | -1.099 | -1.838 | -3.028 | 0.485 -0.641
ASS8 -1.097 | -3.442 | -2.662 | -2.141 | -1.565 | -2.104 | -2.958 | 0.462 -1.096
AS9 -1.160 | -2.983 | -2.026 | -2.094 | -1.679 | -2.292 | -3.128 | 0.366 -1.368
AS10 -1.024 | -1.882 | -1.769 | -1.832 | -1.680 | -2.202 | -2.710 | 0.391 -1.120
AS11 -0.543 | -1.696 | -1.020 | -1.299 | -0.830 | -0.885 | -2.677 | 0.462 0.202
AS12 -0.701 | -2.389 | -1.608 | -1.769 | -0.830 | -1.243 | -2.382 | 0.485 0.325
AS13 -1.045 | -3.820 | -2.726 | -2.236 | -1.390 | -1.690 | -3.511 | 0.316 0.394
AS14 -0.902 | -3.238 | -2.116 | -1.977 | -1.691 | -1.992 | -3.462 | 0.290 -0.418
AS15 -0.798 | -2.829 | -1.825 | -1.822 | -1.352 | -1.462 | -2.585 | 0.263 -0.623
AS16 -0.326 | -2.440 | -1.472 | -0.890 | -1.024 | -1.281 | -2.528 | 0.462 0.037
AS17 -0.997 | -2.955 | -2.114 | -1.961 | -1.390 | -2.153 | -3.141 | 0.236 -0.788
AS18 -1.023 | -3.152 | -2.309 | -2.181 | -1.866 | -1.896 | -3.096 | 0.236 -0.687
AS19 -0.909 | -2.933 | -1.898 | -1.795 | -1.794 | -1.910 | -3.307 | 0.209 -0.304
AS20 -0.684 | -2.734 | -1.434 | -1.406 | -1.428 | -0.583 | -3.161 | 0.290 -0.264
Min -1.211 | -3.820 | -2.726 | -2.236 | -1.866 | -2.292 | -3.511 | 0.209 -1.368
Min -0.326 | -1.696 | -1.020 | -0.072 | -0.830 | -0.436 | -2.382 | 0.812 1.731
Mean -0.871 | -2.668 | -1.864 | -1.694 | -1.344 | -1.635 | -2.900 | 0.413 -0.198
WSRA 90 850 35900 | 50 45 95 13 0.3 16
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APPENDIX D

Table D1 Inhalability, respiratory deposition and particle size of PM samples collected from the town of Karibib and Arandis

Karibib Town Arandis Town

PM< Wind Inhalable | Deposition PM< Wind Inhalable Deposition

1.0pm Speed | Fraction Fraction 1.0pm Speed Fraction Fraction
Sample ID (m/s) (IF) (DF) Sample ID (m/s) (IF) (DF)
KPM1 0.23 5.10 0.994041 | 1.021329 APM1 0.028 4.10 0.999646 1.576453
KPM3 0.1 4.85 0.997782 |1.181617 APM4 0.019 5.10 1.000314 1.688279
KPM5 0.35 5.80 0.990891 | 0.927558 APM5 0.01 7.22 1.001997 1.814106
KPM7 0.4 5.60 0.98931 0.886102 APM7 0.074 8.00 1.000842 1.263112
KPM8 0.32 4.70 0.991209 | 0.95094 APMS8 0.024 8.12 1.002456 1.627963
KPM9 0.2 6.80 0.996005 | 1.047576 APM9 0.063 6.00 0.999498 1.308978
KPM10 0.23 4.70 0.993861 |1.021144 APM11 0.028 4.00 0.999614 1.576403
KPM13 0.19 3.84 0.986973 | 1.046694 APM14 0.015 4.50 1.000176 1.742183
KPM14 0.43 3.87 0.987265 | 0.859392 APM15 0.1 4.30 0.997564 1.181359
KPM16 0.23 4.20 0.993672 | 1.020949 APM16 0.051 6.39 1.000118 1.377374
KPM19 0.21 4.50 0.994372 | 1.037539 APM17 0.023 7.50 1.001863 1.639351
KPM20 0.18 6.80 0.996596 | 1.066065 APM18 0.32 5.80 0.991771 0.951479
KPM21 0.09 4.90 0.998102 | 1.207445 APM19 0.75 4.21 0.978542 0.579946
KPM23 0.16 5.80 0.996491 | 1.086202 | APM21 0.098 8.60 1.000803 | 1.189945
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APM23 0.082 6.80 0.999502 | 1.233205

Min 0.09 3.84 0.986973 | 0.850707 0.01 4 0.978542 | 0.579946
Max 0.44 6.80 0.998102 | 1.207445 0.75 8.6 1.002456 | 1.814106
Mean 0.30 5.10 0.991937 | 0.969545 Mean 0.11 6.04 0.998314 | 1.383342

1.0<PM<

2.5um
KPM2 1.33 6.20 0.993204 | 0.982872 APM3 1.68 6.30 0.953788 | 0.18697
KPM4 1.07 4.40 0.969533 | 0.372672 APM10 1.37 5.80 0.9619 0.256885
KPM6 1.71 3.95 0.951244 |0.181628 APM13 1.54 7.20 0.95835 0.214175
KPM12 1.52 4.10 0.956944 | 0.218151 APM20 1.33 6.40 0.963424 | 0.26913
KPM15 1.46 4.00 0.958554 | 0.232341 APM24 1.82 8.20 0.951877 | 0.165877
KPM18 1.37 5.40 0.961658 | 0.25682 APM22 11 4.71 0.968819 | 0.35816
KPM22 1.14 5.70 0.96822 0.340077
Min 1.07 3.95 0.951244 | 0.181628 Min 11 4.71 0.951877 | 0.165877
Max 1.71 5.7 0.969533 | 0.372672 Max 1.82 8.2 0.968819 | 0.35816
Mean 1.37 4.82 0.961347 | 0.267254 Mean 1.47 6.4 0.959693 | 0.241866
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Table D2 Inhalability, respiratory deposition and particle size of PM samples collected from the town of Karibib and Arandis

continued...
Karibib Town Arandis Town
1.0<PM< Wind Inhalable | Deposition PM< Wind Inhalable Deposition
2.5um Speed | Fraction Fraction 1.0pum Speed Fraction Fraction
Sample ID (m/s) (IF) (DF) Sample ID (m/s) (IF) (DF)
KPM17 2.7 5.30 0.926359 | 0.097991 APM2 3.2 4.85 0.91357 0.08241
KPM24 2.68 4.90 0.926648 | 0.098789 APM6 2.8 6.80 0.924948 | 0.094274
KPM11 3 4.80 0.918516 | 0.087649 APM12 3.9 6.80 0.898094 | 0.07035
Min 2.68 4.80 0.918516 | 0.087649 Min 2.8 4.85 0.898094 | 0.07035
Max 3.0 5.30 0.926648 | 0.098789 Max 3.9 6.8 0.924948 | 0.094274
Mean 2.79 5.30 0.923841 | 0.09481 Mean 3.3 6.15 0.912204 | 0.082345
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